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To ISAAC LOWTHIAN BELL, Esq., 

President of the Iron and Sled Institute, 
Mt dear B£LL, 

In the hope of being useful to members of the 
Iron and Steel Listitute, and others who do not read technical 
literature in foreign languages, this translation of M. Gruner's 
"Jfitudes sur les Hauts-Foumeaux " was undertaken. You 
have allowed me to dedicate the translation to you. No one 
having any knowledge of the subject will ask my reason for 
doing so. 

M. Gruner has methodically digested and arranged several 
important sections of your experiments and observations, and 
has thus rendered the results you have published more readily 
available to many who desire to inform themselves of the pro- 
gress made in the application of exact science to blast-furnace 
practice, and who lack the habits of study necessary for the 
full appreciation of your original work. 

The series of memoirs you have published in the Journal of 
the Iron and Steel Institute, on the chemical phenomena of 
iron-smelting — ^your careful diligence in the experimental 
verification of your observations in working furnaces, and your 
philosophical views in combining and reasoning upon them — 
have identified your name with the recent progress towards 
an exact theory of that wonderfully perfect apparatus, the 
Blast-Fumace. 
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You for the first time connected the Chemical and Calorific 
phenomena of the Blast-Furnace together with such precision 
as permits us to calculate, with the certainty of a near approxi- 
mation to the truth, the technical useful effect of any furnace, 
and the economical effect of furnaces working in any district 
for which the proportions of fuel, ores, and fluxes, and the tem- 
perature of the blast are known. 

The results of your observations, and the numerous facts 
elicited from many practical men in the " discussions " at the 
meetings of the Iron and Steel Institute, are indeed the 
groundwork of M. Gruner^s " Studies," in which he establishes 
Analytical Formulas by which all the necessary calculations 
can be readily worked. 

The happy remembrances of thirty-three years' social inter- 
course and sympathy in the study of science applied to the arts, 
is an independent reason for my ofiering you this tribute of 
my friendship and esteem. 

Believe me to be, 

Yours sincerely, 

LEWIS D. R GORDON. 

TOTTEBIBOE, AuQUSt 1873. 



TRANSLATOR'S PREFACE. 



The Studies of Blast-Fumace Phenomena by M. 
Gruner are not written in a style that " those who run 
may read;'* but whoever will take the pains to read 
them will find his reward in a more exact appreciation 
of how the recent investigations of Mr. Bell and others 
into the chemical and calorific phenomena of the blast- 
furnace may be practically applied to questions of blast- 
furnace economy. 

For the last three years the question of the minimum 
cost, theoretically and practically, of producing a ton of 
pig-iron has chiefly occupied the attention of the meet- 
ings of " the Iron and Steel Institute/' and has even 
been ^ discussed " at meetings of the Institutions of Civil 
and Mechanical Engineers. 

There is evidently no general answer to the question. 
Each particular case must be investigated for itself; 
and M. Gruner has so far generalized the results of 
experiment and observation hitherto recorded as to give 
formulas by which the chemical and physical elements 
of the question may be answered approximately a priori 
(see p. 94 6^ seq.) This answer maybe made with suffi- 
cient accuracy for practical purposes by ascertainiDg 
merely the proportion of carbonic oxide to carbonic 



iiv TRANSLATORS PREFACE. ^^H 

acid present in the escaping gases of any furnace of 
which we know the elements of its charges. 

The main point of novelty in the Studies, and what 
gives them their chief interest, is the precision given to 
this doctrine, first distinctly taught by Mr. Bell, that the 

ratio of prr- in the escaping gases is the index of tJm 

working of the furnaces. The determination of an 
analytic process of calculation in place of a synthetic is 
of value for direct investigation of any case of blast- 
furnace working that may present itself. 

Still, the only question debated, be it borne in mind, 
is the economy of fuel in furnaces, whether charged into 
the furnace and consumed there, or supplied from 
mthout as calorie in the heated blast. 

Again, it is only when furnaces are working with the 
same, or nearly the same, charges of ore, flux, and fuel, 
i.e. same quality of raw materials, and yielding the same 
quality of iron, that we can get comparative results of a 
reliable nature. Furnaces may be working in one dis- 
trict as well as in another, although using vciy different 
quantities of ore and fuel, and yielding very different 
quantities of iron, and showing very different profit and 
loss accounts. Pig-iron -making, like other manufac- 
tures, must be looked at both from the purely technical 
and the economical point of view. There is a technical 
maximum of useful effect and an economical maximum 
of useful effect. 

The technical useful effect would be so much the 
greater as the yield of pig-iron from a given weight of 
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carbon and ores of the poorer qualities is greater, whereas 
the economical effect often involves other considerations, 
such as the maximum production of iron of a certain 
quality regardless of the maximum technical effect. In 
Tmst caseSy the iron-master is chiefly interested in the 
technical effect. 

There is however one factor of technical effect, viz., 
that of the superheated blast, which has for the last 
three years excited the liveliest controversy. 

The section 25 of the " Studies" treats of this ques- 
tion on the basis of the e^^perience recorded by Mr. Bell 
and others in the Transactions of the Iron and Steel In- 
stitute, and on the assumption that the combustible for 
heating the blast is the gases of the furnace itself. M. 
Gruner's examination of the question is, like that of Mr. 
Bell, full of instructive applications of the actual theory of 
the blast-furnace. The complete technical answer awaits 
the result of experience of the cost of superheating the 
blast. To the question — whether there is advantage 
in heating the blast to 800^ 900^ or 1000**, the 
theoretical answer is undoubtedly Tes. For each rise 
in temperature of the blast there is increased economy, 
abstraction being made, of course, of the cost of main- 
taining and firing stoves for heating the blast. At 
the same time, this economy decreases rapidly with 
the rise in temperature. The economy arising from 
each accession of 100"* to temperature of blast is much 
less from 800° upwards than from 500"* to 700°, and 
still less than between 400° and 500°, and thus in 
pi^actice it is useless to exceed 700° to 800°. Not 
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having been able to coUect sufficient data as to the cost 
of making and maintaining the stoves for superheating 
the blasty it is impossible for me to add to the weight 
of this opinion of M. Gruner, excepting to say that, 
after examination of all the facts hitherto published, 
superheated blast beyond the limits safely reached by 
the cast-iron stoves is useless ; and if, as seems to be 
the case, it be thought necessary to erect generators of 
gas to heat hrick stoves; that system is certainly wasteful, 
and a retrograde step in blast-furnace engineering. 
This subject is again alluded to in Note V., Appendix. 

Some apology is due for writing so much as an 
Appendix. The truth is, that I examined each subject 
and factor mentioned in the original text for myself, 
and conceived it might be useful to others to record my 
notes for their use. 

LEWIS D. B. GORDON. 

ToTTERUMJE, September 1873. 



STUDIES OF BLAST FURNACES. 



§ 1. Recent Tnodijlcations in the rigime of blast furnaces, — 
For several years past the minds of metallurgists have been 
much preoccupied by two important modifications made in old 
Blast furnace practice. The furnaces have been increased in 
height and in diameter , and the blast is spontaneously heated 
to a red heat, in England especially, by means of large stoves 
of fire-brick, prepared by Messrs. Cowper-Siemens, and Mr. 
WhitwelL 

Successive transformations jn these two directions have 
resulted in what is deemed exaggeration by metallurgists, such 
as Mr. Lowthian Bell, whilst there are others who consider 
there is no limit save practical possibility. This divergence of 
opinions has been made known by the publications of the 
Iron and Steel Institute — an association frequented by Bessemer, 
Bell, Menelaus, Williams, Snelus, Parry, Siemens, Cochrane, 
and others well known as leading men in the iron industry of 
Britain. The question is one well worthy of careful examina- 
tion and study in reference to the chemical and calorific re- 
actions which come into play in these enormous apparatus. I 
shall, for this purpose, make use of the series of highly in- 
teresting memoirs which Mr. Lowthian Bell has published in 
the Journal of the Iron and Steel Institute,^ and compare them 
with my own personal researches on the same subject, some of 
them given, for many years, in my courses of lectures at the 
ticole des Mines of Paris, and others recently published in the 

^ Pablished in one volume complete, with Index, by Messrs. Koutledge 
in 1872. ^^^^ 
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2 STUDIES OF BLAST FURNACES, 

Recueil dcs savants ^traiigcrs, onA in the Anwdes de physique 
de ckimie} 

§ 2. Successive mlargemenls of blast fmiiaccs. — ^Blast fur- 
naces, working with charcoal aa fuel, are seldom more than 30 
to 35 feet high, nor have they more than 800 to 1200 cuhii; 
feet capacity. In Austria, in Russia, and in Sweden, whero 
circumstances admit of a great accumulation of fuel, th( 
height is carried to 45 feet, and the cubic contents to 1800 to 
2200 feet. In coal districts the furnaces have been, from the 
beginning, made larger ; and yet the ordinary furnaces o£ 
Staffordshire have not more than 2200 to 2500 cubic feet 
capacity, with a height of 38 to 42 feet; and even the largeafc 
do not exceed 3500 to 5000 cubic feet. In 1830, the capacity 
■was not more than 2000 cubic feet as an average, and in Wales 
2200 to 3500 cubic feet. In 18G0, however, M. Lan and I 
found that there was a decide^ tendency to enlargement of thi 
furnaces. In Scotland there were furnaces of 3000 cubic fee^ 
and even 7000 cubic feet ; and in Wales the furnaces were 
3000 and up to 5000, with some few as large ss 7000 and 7750. 
These successive enlargements were made with the special ob- 
ject of increasing production, and we were convinced that, in fact, 
the yield had increased in proportion to the internal capacity. 

In the enlarged as in the smaller funiaces in England, tlie 
yield was, on the average, a ton of Nos. 1 and 2 iron for 7 to 8 
cubic metres (245 to 280 cubic feet) capacity, a ton of forge 
iron (grey) Nos, 3 and 4 for 210 to 245 cubic feet, and a ton of 
mottled forge pig for 175 to 210 cubic feet capacity. 

By comparing together a great many Continental furnaces, I 
had previously arrived at the same results. In my lectures 
these figures were given as results to be used in determining 
the dimensions of blast furnaces. 

In 1851, the first blast furnace was erected in Cleveland, by 
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Messrs. Bolckow and Vaughan, who built it 42 feet high, and of 
4500 cubic feet capacity. 

In 1853, Messrs. Bell Brothers founded the Clarence Works, 
and erected several furnaces 48 feet high, and of 6200 cubic 
feet capacity. 

From 1853 to 1860, a great many furnaces were erected in 
this district, but none of them were carried to a greater height 
than 58 feet, with a capacity of 7000 cubic feet, and the greater 
number were about 50 feet high, with 5200 to 6000 cubic feet 
capacity. 

On the other hand, beginning from 1861, there took place a 
prodigious enlargement of the furnaces, of which we may give 
the following examples : — 

In 1861, Messrs. Whit well and Co. built three furnaces at 
Thomaby 60 feet high, and 13,000 cubic feet capacity. 

In 1862, Messrs. Bolckow and Vaughan carried the height to 
75 feet, and the capacity to 12,000 cubic feet. 

In 1864, Mr. Samuelson built his first furnace, at Newport, 
68 feet high and 1*5,300 cubic feet capacity ; and Mr. Thomas 
Vaughan carried the height to 78 feet, and the capacity to 
15,750. 

In 1866, Messrs. Bolckow and Vaughan adopted the lofty type 
of 96 feet, with only 15,000 cubic feet capacity; and Messrs. 
Hopkins, Gilkes, and Co., at Tees-side, gave 76 feet height, and 
20,000 cubic feet capacity. 

In 1867, the furnaces at Norton were made 78 feet high, 
and 26,000 cubic feet. 

In 1868, Messrs. Bolckow and Vaughan enlarged their two 
furnaces of 1866, the one to 26,000 cubic feet, the other to 
29,000 cubic feet capacity, the original height being retained — 
viz., 96 feet. 

In 1870, Mr. Cochrane erected a monster furnace at Ormesby, 
92 feet high, and 41,000 cubic feet, and at Ferryhill, westward 
of Middlesborough, with a greater height they combined a 
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smaller capacity— IOC feet high, 33,000 cubic feet; and lastly; 
in 1871, Mr Cochiane built a furnace 02 feet high, and 4:2,503 
cubic feet capacity. 

The internal section of the greater number of these furnaces 
is given in the plate, copied from the historical account of the 
gradual development of the blast furnaces in Cleveland, by Mr. 
J. Gjera.^ We see by thesQ that the form is very various- 
lofty furnaces almost cylindrical alongside of barrels very 
stumpy, enlarged at the bel!y, and much contracted at the top. 
These forms, as well as the height, the total capacity, the mode 
of charging, etc., have, as we all know, a certain influence in the 
working of the furnaces. The yield and consumption of raw 
material vary with these elements. Unfortunately, the short 
notice of M. Gjers does not give any details on this subject, not 
even an indication of the maximum yield; but this incom- 
pleteness I have, in part at least, been able to supplement by 
data given in the Memoirs of Mr. Bell, and the reports of the 
discussions which these Memoirs gave rise to at the meetings 
of the Iron and Steel Institute. 

What strike? us immediately is, that by common consent it- 
is allowed that the yield of these big Jurjutces does not iricreast 
in the proportion of their capacity. Thus, at Clarence Works, 
Mr. Bell's own works, we find, for four types of very diffe 
dimensions from each other, yielding forge iron Kos. 3 and i,' 
the yields as follows r — 

Purnaoo HighFuniaco High Par 



Total capacity. 

Height,. 

Production id 24 hours, . 

CooBumption of Coke per 

ton Iron, . 
Internal capacity, per ton 
Iron, yielded in 24 hours 



, 11,500 eft, 
80 ft. 
38-6 toi 

22icw 

300 c. ft, 



15,800 c, ft 2' 

soft. 

50 toiiB. 



' Junrnal of the Iron and Steel Inatitiite, Nor, ISTl. 
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On the other hand, the nmnerous furnaces of Messrs. Bolckow 
and Vaughan and those of Ferryhill, in which the same ores 
and the same coke are used as at Clarence, the blast being heated 
to the same temperature of 400° C. to 450° C, and the pig being 
also Nos. 3 and 4, gave the following results : — 



Elements of the Furnaces. 


Blast Fomaces of 
Messrs. Bolckow A Yanghan. 


Old Famace 

at 

FerryhilL 


New Furnace 

at 

Ferryhill. 


BnUt, 1865. 


Bmlt,18«8. 


Total capacity. 

Height, 

Yield in 24 hours, . 

Consmnption of Coke per 

ton of pig, 
Internal capacity per ton 

yield in 24 hours. 


15,000 c. ft. 
95 ft. 
46 tons. 

22) cwt. 

320 c. ft. 


25,800 c. ft. 
95 ft. 
52 tons. 

22^ cwt. 

490 c. ft. 


17,000 c. ft 
80 ft. 
50 tons. 

224 cwt. 

315 c. ft. 


32,000 c. ft. 
80 ft. 
78 tons. 

20^ cwt. 

420 c. ft. 



Lastly, by comparing the three successive types put up by 
Mr. Samuelson, at Newport, we again found the same figures — 

An old furnace of . . 5000 c. ft. yields 23 tons in 24 hours = 218 c. ft. p. ton. 
Another furnace, 1864, 15,800 „ 45 „ 342 „ 

And the last furnace, 30,300 „ 70 „ 430 „ 

Mr. Bell, in the discussions of the Iron and Steel Institute 
in 1871, aflRrms, with perfect reason, that he " never found that 
a furnace of 25,000 cubic feet did twice the work as well as 
one of half the size." 

In fact, we know that in the old furnaces of 6000 cubic feet 
to 7000 cubic feet capacity, the mean capacity is 210 cubic feet 
per ton of Nos. 3 and 4 pig, whereas in the more modern furnaces 
of 10,000 cubic feet to 15,000 cubic feet, we find from 280 to 
320 cubic feet capacity per ton of yield, and in the most recent 
furnaces of 25,000 cubic feet, the capacity per ton of yield is 
420 cubic feet to 490 cubic feet. In other words, the descent 
of the charges requires 60 to 70 hours in the large furnaces, 
and only 20 to 40 hours in the small ones. 

^ This amount is uncertain. 
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This extreme slowness in the descent ot the cLarges may, in 
a certain point of view, have advantages. Variations in the 
raw material are less sensibly felt in the lai^ furnaces. It 
may also happen that redaction goes on under better conditions 
—that the ore should arrive in the zone of fusion better pre- 
pared. But is there no limit to this successive development 
of the blast furnace ? May not the juste miiiev, corresponding 
to a ma.'dmam of economy be overstepped ? If the work goes 
OQ very slowly, is not the carbonic acid (CO*), arising from the 
reduction of the ores, exposed to be converted into carbonic 
oxide (CO) by contact with incandescent carbon, in propor- 
tions increasing as the descent of the charges is slow? In 
shorty is the consumption necessarily so much the less as their 
dimensions are lat^e, and the descent of the charges slow ? 

The figures above tabulated answer this question to a certain 
extent. Previously to 1860, the blast furnaces in Cleveland 
consumed I -5 to 1'7 tons of coke forone ton of pig— grey forge — 
yielded, or, at the very least, 1*45 tons=29 cwt., according to 
the statements of Mr. Bell. At present, the consumption in 
the enlarged furnaces is reduced to I"I25=;22j cwt., the blast 
being heated to 400 to 500 degrees Ccntigrctdt : but it is quite 
certain that there is no difference in the consumption of the 
furnaces of 10,000, 16,000, and 28,000 cubic feet capacity, or 
even beyond these monstrous dimensions. 

If, therefore, beyond a certain limit, the large dimensions 
produce neither increased yield nor economy of fuel, it does 
not look very rational to go on increasing the capital for estab- 
lishing furnaces with these vast dimensions.^ This is what has 
at last occurred to our neighbours on the other (English) side 
of tlie ChanneL A reaction has taken place in England, at all 
events in those districts in which the fuel and the 
liable to crush and compress under their own weight. Thus, 
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at Askam-in-Fumess, the height has been reduced from 75 feet 
to 61 ; at Consett, the furnaces have been reduced from 70 feet 
to 55 ; at Workington and at Barrow, situated like Askam in 
the district of rich haematites of Cumberland, the body of the 
furnaces has, in like manner, been reduced in height — at 
Workington, from 70 feet to 55, and at Barrow, from 75 to 61 ;^ 
and lastly, at Creusot, a blast furnace which had been raised 
to 88 feet has likewise been decapitated. 

These examples are sufficient to show that a certain height 
is accompanied by proved inconveniences ; but if we desire to 
appreciate at its true value the influence of these exaggerative 
dimensions, we must, in the first place, endeavour to form exact 
notions of the chemical and calorific reactions upon which the 
working of the blast furnace is based. 

§ 3. Principal reactions in blast furnaces. — In every furnace 
of this type, there are two contrary currents in motion, and 
reacting the one upon the other — a gaseous current ascendinr/y 
the temperature of which is at first very high, and decreases 
gradually till it qidts the furnace at the tunnel-head or top ; 
and a solid descending current, composed of the ores, the fluxes, 
and the fuel, the temperature of which goes on increasing 
always under the action of the gaseous current in the opposite 
direction. 

Of these two currents the one is slow, the other very rapid. 
The solid materials of the charges descend rarely with a greater 
speed than 20 inches per hour, whilst the gases pass upwards 
with a velocity of 20 inches per second. Further, the mass of 
air blown into the furnace is generally greater than that of the 
solid charges by the tunnel-head in the same time ; and the 
weight of gases going off from the furnace is often more than 
double that of the melted substances (pig iron and slag) flowing 
out by the " tap " and slag discharge. 



See Journal of Iron and Steel Institute^ Nov. 1871, p. 409. 
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The air, blown into the furnace at the tuy^s, is almost in- 
stantaneonsly tiansfonned into carbonic oside,^ and this gas, 
in its passage np the body of the ftimace, acts more or less 
directly in reducing ores — that is to say, with or totthaiU the 
aid of the solid carbon. 

The redaction of the oxide of iron in the blast furnace, may 
take place in three different ways, according to the portion of 
the farnace we examine. In general, the oxide of carbon 
(CO) is transformed into CO*, which escapes as snch by the 
furnace top withont other reaction. In other positions, the CO' 
thus produced becomes again, partially at least, CO by burning 
solid carbon, which comes in the end, both in its chemical and 
calorific relations, to be the same thing as if the solid carbon 
acted directly on the oxygen of the ores, yielding thus either 
CO' or CO. 

These three ways of reduction may be represented by the 
following formolas : — 

1. 3CO + re'0' = 3CO'+2Fe; 

2. 3C + 2F*0^ = 3C0* + 4Fe ; 

3. 3C + Fe*0' = 3C0 + 2Fe. 

It may be at once remarked that the two first ways of re- 
duction are not in fact realizable, if we adopt the proportions 
given in the formulas. In tliese conditions the metallic iron 
would be partially reoxidized by the carbonic acid. We know 
by the experiments of M. Debray, confirmed by Mr. Lowthian 



' We kuow by tho eiperimenta o£ MM. H. DeviUe and Cailletet, Uiat 
near the twyres there is a niirtiiro of nneonauraed air imd of cnrbon in 
minute state of Bubdiyision, by the fact of disHOcialiOB ; bnt higher np, the 
temperature faJIa safficietitly to detenoine the definite combination of carbon 
and oiygen, in tho form of carbonic oxido. Ab to the cjueation, whether in 
the first moments CO^ or CO be produced, it is simply impossible to answer 
it ; and, truth to aay. almost idle to discuss it We may, however, remark, 
thnt when carbon is bumtd on fire bars, the CO is not really produced till tha 
bed of fuel be sufficiently thick to allow of C being taken up ; and thus there 
caa bo little doubt that carbonic acid is produced in the first place. 
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Bell, that, in presence of equal volumes of CO and CO* 
peroxide and metallic iron are both brought to the state of 
protoxide. But though these two first modes of reduction are 
unpossible taken siogly, they generally help, with the third 
mode, in producing the final result; and, in fact, the gases 
taken at the furnace-top are always composed of a mixture of 
CO and CO^. According as the one or the other mode of 
reduction has the greater share in the final result, the proportion 
of CO or CO^ in the gases taken at the furnace-top is the 
greater. But it is easy to show that these three modes of 
reduction require very different quantities of caloric ; and, in 
this point of view — that is, in reference to the consumption of 
fuel — ^it is not a matter of indifference which of these reactions 
takes place in blast furnaces. 

§ 4, Quantities of Caloric absorbed and given off in blast 
furnaces. 

Let us determine the quantities of caloric ahsorbed and 
given off in the three modes of reduction we have been con- 
sidering. 

The caloric ahsorbed is the same in all three cases : — it is 
the caloric which a lb. of oxygen would produce in uniting with 
metallic iron to make peroxida Let us put C for the moment, 
for this number of calories. In the first case, the number of 
calories given off results from the transformation of CO into CO*. 
Now each lb. (or other unit of carbon) produces 2403 calories 
(referred to Centigrade scale and same unit), in taking up i^ lb. of 
oxygen from the oxide of iron. Hence it follows that for each 
lb. of oxygen the transformation of CO into CO* is accompanied 
by the giving off of caloric of ^ X 2403 = 4205 calories. Thus 
the difference (C — 4025) represents the calorie required for the 
reduction of the peroxide of iron under the action of CO pass- 
ing to the state of CO*, for each lb. of oxygen taken up. 

In the second case, the carbon is transformed into CO* by 
flie oxygen of the ore. Under these conditions the Ik of o^^r- 
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bon develops 8080 calories in taking up ^ lb. of oxygen, and 
this gives fx 8080=3030 cals. for each lb. of oxygen. Conse- 
quently C — 3030 19 the caloric necessary for reduction, when 
this is effected by the solid cai-bon yielding CO*. 

Lastly, in the third mode of reduction the reaction would be 
that the oxygen of the ores produced CO directly by means of 
the solid carbon. But a lb. of carbon gives off 3473 calories' 
when it forms CO : and as it then takes up -^ lb. of oxygen, the 
caloric given off by each lb. of oxygen is -^ x 2473:^1855 cala. 
Consequently the difference C — 1855 represents the number 
of cals. required for reduction when this is effected by solid 
carbon burning to CO. In ord^r therefore to take up a lb. of 
oxygen from the peroxide of iron w& have the number of 
calories given by the following formulas : — 

C— 4205 cals. 
C — 3030 „ 
C— 1S55 „ 

The value of C is not rigorously known. It may indeed 
vary with the physical condition of the peroxide, but it 
appears to be confined between the limits of 4600 and 
4500 calories, so that the first mode of reduction above repre- 
sented ia effected almost without absorption of caloric Again, 
and whatever may be the value of C, it is evident that this 
mode of reduction is much the moat favourable, and that the 
third mode is very disadvantageous. It is therefore of import- 
ance that the reduction of the ores in blast furnaces should 
be effected as far aa possible by the first mode only — that is to 



' This number, to .which we shall have to recur frequently, ia dGtermJued 
by the following reaBOning. The caloric produced by a lb, of carbon giviug 
CO' ia eviilectly oqual to fie aani of the two reaults of the tranafonnatioil of 
C into CO and then of 00 in C0=. Bnt 1 lb. carbon givea i lbs. CO, ond aa 
each lb. of CO givea off 2403 cal. in baroing, we should have for the t Iba,, 
}X2403=^5G07, wbich leavcB tor the tranatormation of C into CO, 8080 — 
6607=2473 obIs. 
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say, by the CO being transformed into CO*— or, in other words, 
without consumption of solid carbon. This is what we shall 
allude to in fature as the ideally perfect working of a furnace. 

When this mode of working is realized, the reactions will 
be of the simplest kind. The CO produced near the twyres 
wiU reduce the ores and be transformed to C0^ and this in its 
turn will leave the furnace without reaction on the solid car- 
bon. In this case all the carbon of the charges will pass 
through the furnace without other alteration than a gradual 
heating, and this carbon will be finally burned to CO under the 
action of the blast of the twyres. 

To realize this ideal working, or at least come as near to it 
as possible, the reduction must take place in a region of the 
furnace in which the temperature is relatively feeble, other- 
wise the CO* thus generated will constantly re-form CO at the 
expense of solid carbon. .The furnaces must therefore be suffi- 
ciently capacious, or sufficiently high to insure that the whole 
upper region should remain at this comparatively low tempera- 
ture ; but at the same time the ascent of the gases must be so 
rapid that it shall remain a veiy short time in contact with the 
soUd carbon. It- is evident besides that ores easily reduced 
(soft porous ores) will help to realize the ideal working more 
than compact siliceous ores. But, in general, whatever be the 
ore, the reduction can only take place completely in the hot 
regions in which the CO* will continually get reconverted to 
CO, and this will be the case more particidarly with other 
oxides than those of iron — such as silica, lime, magnesia, and 
the oxide of mj^esia ; the reduction of these oxides wiU 
always require the direct or indirect aid of solid carbon. 

§ 5. The economical working of the furnaces varies with the 

ratio of in the gases. — From what precedes it results, that 

the relative quantities of CO* and CO in the gas given off from 
the furnace depends essentially on the mode of reduction for 
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a given constitution of the charges. And consequently the 
higher or lower proportions between the two gases ■will allow 
of our appreciating the degree of perfection of the working of 
the blast furnace.' 

One or two examples will be sufficient to prove this, "We 
shall see very soon that in the same ironwork, with the same 
ores, producing the same No. of pig, the temperature of the 
blast being the same, we find tiie proportions in the escaping 
gases as follows, according to the section and dimensions of 
the furnaces : — 

0-3 of the total carbon under the form of CO^* 



07 



CO 



CO' 



r 



which gives for the proportion t:^ the number O-crs ; 

or, in the case where the working is less economical, 
0'2 of the whole carbon in the form CO' 
0-8 „ „ CO. 

C0= 
which gives for^A.- the fraction 0-393. 

Let us then now calculate the caloric given off: — 
In the first case we have 

0"»-3 X 8080 + 0"'7 X 2473 = 4155 calories. 
In the second, 

0l*>-2 X 8080 + oil' .g y, 2473 = 3594 calories. 
Difference, 561 calories. 
To obtain the same products, the same quantity of caloric is 
required. Hence each lb. of carbon burned in the first furnace 

561 
must be replaced by 1 X „ - r r = 1'165 in the second, which 

is, in fact, an increase of from 1 5 /^ to 1 6°/^, by the single fact of 
a smaller production of CO^ or of the more energetic action 

^ See, for announcement of this fundanieDtal law, Section xxxjv. of Mr. 
BcU'b work. 

* Abstraction is made here of the 00^ in the flux. We have at jiresent 
do with the products of the carbon oonBumed. 
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which this CO^ has for the solid carhon in the hot region of the 
furnace. 

Let us now compare a good working furnace with an ideal 
working furnace. 

We may. take the proportion p^r = 0.673 as indicating good 

working. 

This is, in fact, the case of the best furnaces in Cleveland, 
when account is taken of the gases arisiag from the coke and 
of those of the flux. 

Let us further suppose, as it is actually the case in Cleveland, 
that for each lb. of pig produced the consumption of pure 
carbon is 1 lb. and 0*^ "60 of flux. From these data let us first 
calculate the weight of carbon contained in the gases for each lb. 
of pig iron. 

The coke gives 003 of carbon to the pig iron. 

On the other hand the 0*60 of lime contains 0*60 x 12 = 
0-072 carbon. 

It follows that the gases will contain for each lb. of pig 
produced : — 

Qib .970 tijg carbon from the coke 
Qlb .()72 from the limestone 



Total, li^ 042 
But as the proportion above assumed p^r- = 0*673 corre- 
sponds to 0-3 carbon burned to CO^ for 0'7 to CO, we shall have, 
in the gases escaping at the top, 

0*3 X 1-042 = 6-3126 of carbon to the state of CO^ 
0-7 X 1-042 = 0-7294 „ „ CO 



10420 
But of the 0^^-3126 carbon in CO^ the limestone furnishes 
0^07 2 ; there remains then as coming from the coke, 

0^^-3126 — 0^^-072 = 0^^-2406 
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which gives as the total caloric produced by combustion for 
each lb. of pig yielded by the furnace — 

0-2406 X 8080 = 1944 calories 
0-7294 X 2473 = 1804 do. 



Total, . 3748 calories. 

Now this is the sum of the calories which should be gene- 
rated in an ideal working, in supposing, for greater simplicity, 
that in the two cases the blast carries in the same number of 
calories, and that the gases carry off the same dose of sensible 
heat. 

The ideal working supposes that the reduction of the oxide 
of iron is effected by the CO only, without intervention of 
solid carbon. 

But it is easy to calculate the weight of CO transformed to 
CO^ by the reduction of the ores — at least if we take account 
only of the oxide of iron properly so called. For each lb. of 
pig iron we have 0^^- 97 iron and 0^^ 97 X ^ of oxygen, and this 
oxygen transforms a weight of CO into CO^ containing a quan- 
. tity of carbon equal to ^ of its weight of oxygen. 

3 3 

or — X — X 0-97 = 0^^ -3 1 2. 

4 7 

The caloric produced by this carbon in its successive trans- 
formation into CO, near the twyres, and into CO^ in the zone 
of reduction, is .... 0^^ -312 x 8080 = 2521 calories. 
And thus the CO remaining would have to furnish 1227 

Total equal 3748 calories. 

1227 

But these 1227 calories require = 0^^*496 of carbon 

^ 2473 

"v^ heen burned near the twyres, and this gives as the 

f 'nn 

'12 + 0496 = 0-838 instead of 1^^*, 
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which, for the case of an ideal working, gives an economy of 
0^^ 162 per lb. of pig, yielded = IG^/^ 

CO* 

Let us now show that the proportion — - will be, in an ideally 

'perfect working, as follows : — 

0-312 + 0-072 (from limestone) = 0384 carbon in CO* 

and . . 0-496 „ CO, 

or total carbon in gas .... 0*880. 

Hence CO*=H x 0-384 = 1-408. 

3 

CO =—x 0-496 = 1-157 
3 

CO* 
therefore =1*217 

CO 

CO* 

§ 6. The ratio — — is the measure or index of the working of 

00 
Blast Furnaces, — It has now been shown by these examples that 

CO* 

the ratio — — in the escaping gases may vary between wide 
CO 

limits. 

In the modem furnaces of Cleveland, the proportion is 
generally between 0*50 and 0*70 when the working is good ; 
but it is only 0*35 to 0*40 when the furnace is in bad condi- 
tion. And if we could attain to the ideal working, it would be 
as high as 1-217. 

We thus see that this ratio is as it were the measure or 
index of the degree of perfection of the working of furnaces. 
Of a truth, this ratio is found to vary from one district to 
another, according the richness of the ores and their quality, 
the nature and purity of the fuel, the proportion of flux em- 
ployed, the number of the pig-iron yielded, etc. etc. But in 
any given ironwork, or in a given district, this ratio will fall 
or rise, — will recede from or approach to the ideal figure as 
the furnace works well It thus appears very important to be 
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able to determine this proportion exactly by experiments easily 
multiplied. We have already seen by the examples I have 
quoted that, when the ratio is known, we can easily calculate 
the ahsolate quantities of the two gases, and consequently also 
the sum of the caloric given off by combustion in the blast- 
furnace. 

It has been shown above that the direct determination of this 
ratio allows of our fixing, in a rigorous manner, not only the 
quantities of CO and CO*, but also very approximately the 
weight of air for blast and of the escaping gases, and the com- 
position complete of these latter. 

§ 7. Weight and composition of the escaping gases. — The 
ordinary or normal working of the blast furnace gives the data 
of the weiglit of the flux and of fuel consumed per unit of pig- 
iron produced. We know also from the quality of the pig 
yielded the proportion of carbon united to the iron. We may 
estimate this at 3% in ordinary forge iron. 

Let a the carbon per lb. of pig, h the carbon contained in the 
flux, and hencep the total carbon in the gases ^a + ft — O^OS. 
If we put y for the weight of CO, and m for the proportion 

-. — , we have my for the weitiht of C0^ and then for deter- 
CO ^ 

mining y we have the equation — 

0) -j-y + ^-my^p 

which formula expresses that the quantities of carbon in CO 
and CO^ are equal to the total carbon in the gases. 
_ 77.JJ 



Hence we have 



21 J 



The oxygen contained in the gases will, in like manner, be 
equal to the oxygen furnished by the blast, and by the charges 
of ores and flux, which is expressed by the equation — 
4 8 

(2-) 



r^ + TT-'«y='^ + 
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in which x represents the oxygen of the blast, and d represents 
that furnished by the ores and the CO^ of the flux. From 
this equation we find 

a; = -^(64 + 66m) — d 
or 
x = 



^/44 + 56mX 
V33 + 21 mj^ 



To calculate x, we must first find the value of d. If only 
the oxide of iron were reduced, it would be easy to determine 
d exactly. It would be composed of two terms, the oxygen 

o 

united to b carbon in the CO^ of the flux, that is — b: and 

3 ' 

3 
then the oxygen combined with 0*97 iron or — x 0*97, if we 

suppose the iron in the state of peroxide ; so that we should 

have 

, 8,3 ^.^ 8-, 2-91 
d= — b -\ xO-97 = — b+ 

3 7 3 7 

But pig-iron generally contains, besides 0*03 of carbon, other 
elements, such as sUicium, manganese, etc. etc., phosphates de- 
rived also from the ores. If we knew the composition of the 
pig-iron, it would be quite as easy to calculate the oxygen 
derived from these various elements, as of that furnished by 
the peroxide of iron. 

Neglecting this correction, we shall generally get a value of 
d rather too little, because this would be to suppose that these 
elements united with as much oxygen as the iron, and silica 
at least gives a much larger proportion. 

If we start from an average composition of pig-iron, we shall 
at all events approximate the truth more nearly, and thus obtain 
values of d and of x very little different from the true values. 
Suppose a grey forge pig (Nos. 3 and 4 of English marks). We 
may admit as its composition, if there be little manganese — 

B 
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ton, . 


0-94 


Carbon, 


0-03 


Silicium, &c., 


0-02 


Earthy mctiila. 


0-01 



According to the equivalenta, the silica contains 24 of 
oxygen for 21 silicium, or 8 for 7 ; the oxygen derived from 

8 
the silicas- 002; and this expression would be near the 

truth if, for a part of the ailicinin, there were substituted 

phosphorus and sulphur, for phosphoric acid contains 50 for 

4 Ph, and sulphuric acid contains 30 for 2S.^ 

As to the earthy metals, we know that in 

Lime, the corresponds to -| metal 
Magnesia, . . f" >i 

Alumina, . . ^ '• 

We may therefore admit, as an approximate average, 5 
0'" -01. At all events, on such a feeble q^uantity the possible 
error will be insignificant. 

According to the above reasoning the corrected value of the 
total oxygen in the ore and flux wiU be — 

8 3 8 5 

rf = - 6+ — X 0-94 + yx 0'02 + y xO-01 

8 ; 1 8 1 

orrf = - b + - (2'82 + 016 + 0'05) =-i + y(3-03) 

instead of the former expression, which gave — 5H — (2 91). 

The value of d being calculated thus, we can deduce that of as, 
and we have for the weight of air 4'333:, and for that of the 
nitrogen SSSx. 

Salpliuric acid furnislies for equal weight more oxygpn than does silica, , 
but this exneas ia compenaatod by the circumatance that the greater part of 
the Bulphur of pigiroa is derived from salpharats and not from sidphatefi. 
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But this supposes the air of the blast to be perfectly dry, 

whilst in reality it is always more or less charged with 

moisture, which adds, of course, the oxygen of the water to 

that of the dry air. 

4 8 

The equation —y + — myrzd + x, gives therefore for x tlie 

oxygen of the air and its moisture united ; but it is easy to 
calculate the values of dry air and nitrogen. 

It is well known that at the mean temperature of 12° to 13° 
C=(54° to 56° F), the humidity amounts to about 0006 2 of 

1 8 

the weight of dry air, and the oxygen contained = — 00062 = 

00055 of the dry air. 

Thus if we put z to represent the oxygen derived from dry 
air and 4*332 that of dry air itself, we have — 

a;=2+ 00055 + 4-332 = (1 + 00238> 

X 

and consequently z = = 0*9 7 6 7a; 

^ ^ 1+00238 

Hence the weight of nitrogen . = 3*33 x 0'9767a; 

„ dryaii> . =4*33 x 0-9767a; 

„ moist air . =10062 x 4*33 + 01)767;» 

= 4-33 X 0-9828a;. 

In reference to this indirect determination of the mass of air 
blown through the twyers, it is worth observing, that though 
it is not rigorously correct, as it depends on a sort of theoretical 
analysis of the pig-iron, it is nevertheless much more exact 
than any other mode. It may, of course, be rendered as exact 
as possible, by ascertaining by proper chemical analysis what 
is the true composition of the pig-iron.^ 

^ The other methods of determining the mass of air are the three follow- 
ing : — ^The first consists in assnming the ideal working of the furnaces — that 
is to say, in Bapx>osing that all the carbon of the coke reaches the twyers intact, 
and then calculating the oxygen corresponding. But we have seen abovo 
(Sec. 5) that even in the case of good working the carbon reaching the twyers 



I 
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§ 8. Affreemeni of (lit. formulas with the complete analysis. — 
We may conclude from . what precedes, that to get the com- 
position of the escaping gaaea, it is sufficient to determine by 

experiment the ratio -^^r- =m. This allows of our calculating 

exactly the quantities of CO* and CO, and very approximately 
the proportion of nitrogen : and we deduce besides, with the 
same degree of precision, the weight of blast. All that is 
neglected is the hydrogen. But in blast-furnaces using coke, 
the influence of hydrogen is almost nothing. The hydrogen 
can only come from two sources, the moistiu-e of the air, and 
the hydro-carburetted gas, which remains in even the best made 
coke — but this hydrogen is very little, and acts with the CO 
in reducing the oxide of iron. It also becomes transformed 
into steam in the upper part of the furnace. Only a amaE 
fraction escapes with the gases without being oxidised. Mr, 
Bell never found more than O^OOl of hydrogen in the gases of 
Cleveland and Ebelmen, at most, 0-0013 to O'OOIS in the three 
works of Vienne, Pont-Ev^que, and Seraing. 

This small proportion has no influence on the working of the 
furnaces, and may certainly be neglected in the practical cal- 
culations with which we are now engaged. There is no ques- 
tion at present of blast-furnaces working with raw coaL 



maybe 16 jier cent, iesa than the totaJ carbon of the coke, which, of caan% 
involves an erronooua estimate of the air. The second method, baaed on 
the formula for the outSow of air by a conical moutlipiece, gives a atOl 
higher Jigore, This formula, habitually uxed as given by d'Aubuieson, 
Karaten, aud Weialarcb, givea the volume of air which haa no other reGiataiKW 
to overcome than the counter-preesure of the atraospbera; whilat, in fact, 
the blast meets iu the furnace a rosiatance greatly above this, and which 
experiments can determine. Besides this, all the air does not pass by the 
eye of the twyera ; a quite notable fraction is thrown back outside. Ths 
third method, that based on the volume passed through by the piston o 
blowing cylinder, is quite uncertain, because neither the losses by the 
quantity throvn batk, above referred to, nor the losses by the ports and 
valves, and iu the hot-blast stones, and from other imjierfections, cannot be 
determined. 



STUDIES OF BLAST FURNACES. 21 

let us now show how well the formulas we have found cor- 
respond with the results found by Mr. Lowthian Bell by two 
examples : — 

Let us take, first, the small furnace of Clarence Works of 
1853 (see § 2), the height of which is 48 feet, and the in- 
ternal capacity 6000 cubic feet. The consumption per ton of 
iron is 1*45 tons of coke, or 1-318 of pure carbon, and 6*83 of flux. 
We have in the formulas of § 17 

a=:l^^-318 

6 = 012 X 0-8 = 0^^ 096 
hence p=l^^ 318 + 0096 — 003 = 1^^ 384. 

On the other hand, the analysis of the gases gave 
CO* . . . 11-80 

CO . . . 30-50 

Az , . . 57-60 

H ... 010 



10000 



and from this we deduce : 



CO* 11-80 ^^^^ 

— or m = =0-387 

CO 30-50 

CO = y = ^^^^'^^^ =2»^-591. 

^ 33 + 21x0-387 

CO* = my = 2-591 X 0-387 = l'^ 002. 

d = —x 0-096 + —(303) = 0-256 + 0-423 = 0^^ 679 
3 7 ^ "^ 

O.KQl 

X = -—-(44 + 56 X 0-387) — 0-676 = 1^^ -531. 

2; = 0-9767x 1-531 = 1^^*495 
and the nitrogen = 3*33 x 1'495 = 4^^ '978. 
which gives as the weight of gas per lb. of pig yielded 

CO* . . . 1^^ -002. 

CO ... 2^^-591. 

N ... 4^^-978 . 

Weight of dry gases, 8^^ -571. 
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and Mr. Bell's complete analysis gave 

CO* . 1^^002 

CO . 2^^-591 

N . 4^^ -893, a difference of 0085, or less than 2Vc 



8^^ -486. 



Let us now take, as a second example, the blast-furnace of 
1866 at Clarence Works, height 80 feet, capacity 11,500 cubic 
feet. The consumption per lb. of pig is 1*1 25 lb. of coke = 1 "020 
of pure carbon, and 0*683 of flux and limestone. 

a=l*^020 

6 = 0^^-12 X 0-683 = 0082 
therefore p = 1^^ -020 + 0*082 — 003 = 1*072. 

The analysis of the gases gave 

CO* ... 17*30 

CO ... 25*20 

N ... 53*40 

H ... 0*10 



10000 



^ CO^ 17*3 ^^^^^ 
Hence — or m = = 0*6865 

CO 25-2 

nr. 77x1*072 82*544 _ ^^^ 
C0= y = = =1*740. 

33 + 21x0*6865 47*4165 
00^= my =1*740 X 0*6865= . . . 1*195 

d = — X 0*082+ —(3*03) = 0^^*219 + 0*423 = 0*642 

X = i^%4 + 56 X 0*6865) — 0*642 = 1*863 — 0*642 = 1^^ '221 

2; = 0*9767x1*221 = 11^*192 

andN =3*33 x 1192 = 31^*969. 

which gives the following as the quantities of gas per lb. of 

pig yielded : — 



/ 
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CO^ 1195 

CO 1-740 

N 3-969 

weight of dry gases, 6*904 

and comparing this with the complete analysis — 

CO^ . 1195 

CO . 1-740 

N . 3-965, a difference of 0*004 or 01%, 
we see thus that the agreement of the formulas is as exact as 
possible, and indeed, by pure chance, greater than we had any 
right to expect; for the method of analysis, or rather the 
method of taking the specimens of gas for analysis, adopted 
by Mr. Bell, does not admit of perfect exactness. 

Although the results given by Mr. Lowthian Bell are the means 
of several specimens, it cannot be admitted that specimens 
taken almost instantanemcsly really give the true composition 
of the gas of a blast-furnace. Ebelmen himself said, in speak- 
ing of the analysis of the gases at Seraing, " We must conclude 
from this that the analysis of the escaping gas of the furnace 
does not represent the mean composition of the gaseous cur- 
rent."^ And yet Ebelmen looked only to' taking the means of 
the different gaseous currents at a given instant, whilst in order 
to have a clear idea of the working of a blast-furnace, not only 
must we have the exact mean of all the currents escaping 
at a given instant, but of the true mean of a period of several 
hmrs. This important point has not been realized by any of 
the apparatus hitherto employed, and in taking specimens the 
following system is therefore proposed. 

§9.-4 method of taking specimens securing a mean of all 
the gases during several hours. 

This system is borrowed from the researches of MM. Scheurer- 

^ AnnaUa des Mines, t. xix. 4* serie, p. 127 ; also Note I. Appendix. 
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Eestner and Ch. Meunier on tbe pixxlQCts of combustian oC 
oooL' 

In otvier to obtain an exact mean a certain volume of the 
toUl gaseotis coireat vliieh passes &om tbe top of the furnace 
to tlie boilers or beatii^ stoves, etc., is drawn off contiuaously 
darittg aeveial boors, and as it would be Impracticable to collect 
tbe totalitT of tbe gas^ thus drawn off, a certain fraction ia 
wiUidiawn in the same manner and continuooaly into a Mari- 
oUe's jar filled with mercuiy, containing about 3 litres. The 
general anaogement of the apparatus is as follows : — 

lido tbe main pipe, vhioh carries off the ^ases, there is 
passed a copper tube mn of 1 centimetre in diameter to Ij 
centimetres (a half-inch tube), fig. 13, of a length about double 
the diameter of the main pipe in question. The part inside 
the main pipe has a slit throughout that length, as at p. q, about 
J a millimetre wide (^^j inch). This allows of the gases being 
drawn uniformly from every part of the current. The part of 
the copper tube outside the main pipe passes through a re- 
frigerator on Liebig's system. lastly, the extremity of the 
tube communicates by means of an india-rubber junction with 
the leaden pipe which serves as exhaust. This is composed of 
a kind of trompe a b, provided with a cock, which allows of the 
current of water being regulated, and with a branch c d ot 
greater or less length, according to the locality. This latter ia 
soldered to the vertical tube a 6, a little below the water- cock, 
and is also provided ■with a cock, which, working in concert 
with the other, serves to regulate the flow of gas. It is the end 
of this branch c d which is united to the copper tube m ?i by a 
joint-piece of india-rubber. Lastly, the lower end of the trompe 
opens into a cistern of water, wliich would in fact allow of 
measuring the gas drawn off by receiving it for a certain 
number of minutes under a glass receiver. 

It might happen in many cases where the pressure of the 

' BulhfiK ik la Si;ciSti IiidaatneJle ile JCwWiousc, ISGB. 
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gasea in the main tube is strong that the trorape coiild be dia- 
[jensed with, and the gas "be taken off at once into the lower 
cistern without using the current of water. But in any case it 
ia more prudent to provide the trompc. It is a simple means 
of regulating the flow of the gases. It may be made to como 
iU tte rate of three or four litres per minute. 

Sow, to collect a certain fraction of this gas — two or three 
litres in the course of several hours — it ia only necessary to use 
tlie Marietta vase above mentioned. For tljia purpose the tube 
m n is provided with a small tube A not far from its outer 
estremity. A bit of india-rubber tubing makes the communi- 
cation with the straight tube of the Mariotte vasa The flow 
of mercury is regulated by a bent tube with cock, which may 
be raised or lowered at pleasure. And then a second upper 
tube of the Mariotte vase has also a tube with a cock g, which 
is ouly used when the gas is drawn o£f for analysis. 'Wlien 
the Mariotte vase has to be filled, the mercury must be let in 
by the vertical tube till it ia fidl, and overflows by the cock g 
to expel all air. Tliis cock is then closed, and the mercury 
rises to the top of the straight tube, ITien by means of the 
india-rubber the connection between this straight tube and the 
tube h of the copper tube m n is made. If the gas does not 
come off spontaneously by the india-rubber, a slight aspiration 
must be applied so as to expel all air it may contaiu, and then 
make the joint with the straigiit tube of the Mariotte vase. 

What has been said above is sufficient to explain the work- 
ing of the apparatus. It appears that by a double system of 
aspiration specimens representing as exactly as possible the 
average of the gasea flowing from the furnace during several 
Loturs may be taken for analysis. It will of course be well, 
should the tension at the moment of chaining be very different 
from the general tension, to desist from drawing off the gas 
untd a certain interval has passed, until the usual regime is 
re-established. 
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As to the analysis of the gases thus collected nothing is more 
simple, as it Is only required to detennine the proportions of- 
CO' 
CO 

has to be examined. The way to operate is as follows: — The 
gas comes out slowly hy the cock ff from the Mariotte's vase, 
by letting in mercury by the straight tube. The gases are 
dried in U tubes with chloride of calcium, or pumice stone 
with sulphuric acid. The carbonic acid is taken up by potash 
tubes. Burn the carbonic acid (CO) by the oxide of copper, 
Tetain the water formed by the small quantity of hydrogen 
present, and tbeu determine the carbonic acid produced from 
the carbonic oxide by means of a second system of potash 
tubes. This analysis wiH only be inaccurate in cases where 
the gases contain appreciable quantities of carburetted hydro- 
gen, which never takes place when the furnace ia working with 
coke. 

A last precaution is perhaps necessary in taking the speci- 
mens of gas. There are furnaces whicb smoJce a good deal, or 
in which the gases carry off quantities of fine dust. In such 
cases the slit in the copper tube might get obstructed more or 
less. This happened to M. Scheurer-Kestuer in hia experiments 
when there was much smoke. This difficulty may he overcome 
as this able chemist did it. A little rake, composed of a short 
slip of copper put into the copper tube, could be drawn back- 
wards and forwards by a rod passing on the outside, and thus 
the slit kept clear. 

Having determined the ratio — , the mean temperature of 

the gases should be determined. When the mine is not 
hydrated ores the tempemture of the gases may rise to 400° or 
1 600" C, which renders the mercurial thermometer inap- 
plicable, and there the themio-electi'ic pyrometer, or the 
resistance thermometer of Siemens, or the pyrometer of iMjay, 
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based on the variable tensions of CO* derived from the decom- 
position of the carbonates of lime and magnesia.^ 

§ 10. Determination of the caloric consumed in Blast Furnaces. 

Suppose we have determined the two elements we have been 

considering .-—-=zm, and the temperature of the gases as they 

leave the furnace. Let us now see how we can employ these 
elements to determine the working of the furnace. The ques- 
tion is to compare exhaustively the caloric received and the 
caloric consumed. It has been already shewn how the caloric 
generated in the furnace by combustion may be calculated, 
when we know the total weight of CO* and CO in the escaping 
gases. Further on it will be shewn how the caloric produced 
near the twyres — in the zone of fusion, and that generated in 
the zone of reduction may be separately estimated. la both 
cases the caloric carried in by the hot blast must be added 
to the caloric produced in the furnace, in which there is no 
dif&culty if we know the temperature of the blast. It is the 
sum of these two quantities, caloric produced and caloric 
thrown in, which makes the total quantity received. For the 
present, let us shew how the caloric consumed may be deter- 
mined. 

It is composed of four parts : — 

1. The caloric absorbed by the reduction of the ores and by 
the fusion of the pig-iron. This is a constant element for a 
given quality of pig, and one which varies very little for different 
qualities of pig. 

2. The caloric absorbed by the fusion of the slags, the de- 
composition of the limestone, the evaporation of the water in 
the coke and in tiie charges of mineral, and lastly, the de- 
composition of the water in the air. 

This second part is essentially variable, not only on account 

^ CompUt Bendtu, tome Ixix. p. ^7. 
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of the different quantities of lime used, and of water in tlitt 
ore and fluxes, but also from the very vaiying composition of 
the slags, which on this account require very different quanti- 
ties of caloric for their fusion, 

3. Tlie sensible heat carried off by the gases. This i 
also a variable element, but always easily calculated when wa 
know the composition and temperature of the gases, 

i. The caloric lost by radiation from the walls of the fur-' 
nacea by contact, or by artificial means of cooling. Some ex- 
periments have been made to determine the losses in this way^ 
but in general they can only he appreciated hy deductiiig from 
the caloric received the sum of the quantities due to the first 
three causes. 

Let us now endeavour to estimate the value of these differ- 
ent elements, 

§ 11. Caloric absorbed iy the reduction oj the ores and the 
fusion of the pig iron. — We may here admit as in § 7 that the 
pig-iron contains 0'94 of iron, and 0-03 of carbon, and 0'03 of 
silicium, phosphorus, sulphur and eart^hy metals, etc. The 
caloric absorbed by the reduction is equal to that given off by 
0'94 iron burned to the state of peroxide, plus the calorie 
given off by the oxidation of 0'03 silicium, phosphorus, etc. 

The caloric produced by the oxydation of iron has been 
determined by several experimenters. 

By burning iron in oxygen Dulong found that the calorie* 
produced for each lb. of oxygen is 4327 calories,^ 

Supposing there was formed magnetic iron or Fe *0*, this 
would amount per !b, of iron to 

(i^ Ix 4327 = -! X 4327= 1648 calories., 

\3x28/ 21 

or, applying the law of Welther, for the passage 

of Fe^O* to Fe*0^ per lb, of iron giving jieroa^e, 1864 ,, 

' A nnoiM de phi/eifpie el de ckimic, 3' sfirie, tom, viii. 
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According to Mr. Andrews quoted by Mr. Bell 

ttecaloricproduced per Ib.of iron giving Fe^O'is 1582 cals. 

and this gives ioT thti peroxide, . . . 1780 

igoin, Favre and Silbermann^ found for the 

transformation of a lb. of iron into protoxide 

by the wet way was ..... 1352 

wliieh gives for tlie peroxide, . . . 2028 

If we adopt the mean of these three determinations we 

have 1887 calories. This is the figure we shall adopt for 

the caloric absorbed in the reduction of the pero-vide of 

iron for each lb. of metallic iron yielded. But it must 

be borne in mind that this number is only a more or less 

accurate approximation. Not only the experiments quoted do 

not agree with eaoh other, but we do not know that the law of 

Welther is exact for the transformatioD of Fe^O* and FeO into 

Fe*0^; and besides, the quantities of caloric given off and 

absorbed vary with the density and molecular condition of the 

products. Lastly, if Ve accept the experiments of Despretz, we 

get a much higher number. According to this physicist the 

combustion of iron produces 6325 per lb. of oxide, which 

corresponds to 2019 per lb. of ii'on passing to the state of Fe'O*, 

and 2271 when the metal is transformed into the peroxide.' 

As to the caloric arising from the oxidation of the 0'03 of 
Bilicium, phosphorus, earthy metals, etc., it ia still more difE- 



1 Aniialea de pkyghpie rf de chimie, 3* eirie, tom. nivii. p. 435. 
1 Let ua here call to mind that the 1887 calorieB per lb. o/" iron correBponds 
to 1887 X-^ = 4403 cala. per lb. of oxygen. This is the value of C in g 4. 

It foUowi hence that the redaction of peroxide of iron by CO ii accompanied 
by slight ahtorptum of caloric 4403-4205 = 198 calorioB. Whilst if with 
Mr. Bell wa adopt 1780 caloriea found by Andrews, we have per lb. o( 
oxygen 17S0X — = 4153 calories from which woald follow that there U • 
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cult to get accurate data. We know from the experiments of 
MM. Troost and Hautefeuille, that the caloric produced hy the 
oxidation of silieiuni is 7830 calories, and according to Mr. 
Andrews the oxidation of phosphorus yields 5767 calories. 

We have no knowledge of the caloric corresponding to the 
earthy metals. But as silicium is generally the predominant 
element, we shall not probahly be far wrong in adopting 7000 
calories for the caloric of each lb. of these elements. It is also 
probable that the combination of silicium with iron produces 
caloric, and therefore we may with more confidence reduce thi 
number 7830 calories formed for pure silicium. We may 
therefore admit that the reduction of the ores, fluxes, etc., will 
absorb for each lb. of iron yielded 
For the iron proper, , . O'lb. 94 x 1887 = 1774 cals. 

For the other elements, . 0' Ih 03 X 7000 = 210 

therefore, the caloric absorbed by the reduction =1984 

And we may at once observe that of tliese 1984 cals. about 
1700 are consumed in the upper part^ of the furnace, and about 
250 to 300 in the lower regions of high temperature. To the 
caloric of reduction must be added that of pig-iron in fusion. 
This is composed of three parts — the caloric absorbed by pig- 
iron in its passage from ordinary temperatures to that of 
fusion — the caloric necessary for liquefaction {the latent keai 
of fusion), and lastly, that consumed by the pig-iron in coming 
to the mean temperature of the hearth. 

Practically, however, these distinctions are useless. The 
essential is to know the toted lieat contained in the pig-iron as 
it runs from the furnace. This varies with the working of ths 
furnace, and depends essentially on the mean temperature of 
the hearth, or, in other words, the degree of fusibility of the 
slags.^ If the slags be refractory, such as earthy proto- silicates, 
the iron will be hot, and will nm from the tap at a higher 
' See Note II. Apjiendii:. 
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temperature than if the slags be rich in manganese and in 
alkaUs: — or even if they be bisilicate of two or more bases. We 
need not therefore be surprised if the estimates of the total 
caloric of pig-iron, as given by different experimenters, do 
not agree with each other. 

Ordinary calorimeters were employed. The caloric taken 
up by the water from pig-iron in fusion poured into it was 
estimated. 

M. Minary and E^sal, experimenting with pig-iron fused a 
second time, just before it began to solidify, found 255 cals.^ 
M. Einman obtained from pig-iron of different brands, 261 
cals., 257, 256, 252, and, on the whole, 46 calories would re- 
present the latent heat of fusion.^ 

Instead of 255, Messrs. Minary and B^sal found the total 
caloric 292 calories, in experimenting with grey foimdry iron 
nm from a cupola. But the cast iron from the blast-furnace 
is generally hotter than that of cupolas. M. Einman found 
300 as a mean for the cast iron from charcoal furnaces with 
extremes of 270 and 311. 

Messrs. Boulanger and Dulait give^ — 

For forge iron — coke furnace . 309 cals. 
For foundry iron . . . 337 „ 

M. Vathaire, on the other hand, found* — 

For white iron . . . .280 cals. 

For grey, No. 3 . . . 330 „ 

and lastly, Mr. Gillot, civil engineer, found 

for pig-iron run from a cupola, and as a 

mean of two experiments made at the 

blast furnaces of Bizy . . . 337 „ 

for grey iron from charcoal furnace. 



^ Arinalea des mines, 5th series, t. xix. page 406. 

M^moire pr^sent^ k TAcadgmie de Stockholm, 15th May 1865, 

Bevuie de Li4ge, 1862, t. ii. 
* Etudes sur les hauts-foiirneaux. 
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Mr. Bell adopts M. Vathaire's figure, 330 calories ; and this is 
the number we shall adopt for grey No. 3, until better informed. 
But it ia evident that experiments have to be multiplied, 
and especially the dependence of this number, 330, on the 
greater or less fusibility of the slags, and on the quality of the 
iron, has to be fiuther examined. 

Aa a riisum^, we may in the meantime adopt, as the calqiio. 
absorbed by the reduction of the ores, etc., and the fusion of the 
iron for grey forge iron, No. 3, 

1 984 calories for reduction 
and 330 „ for fusion 

Total . 2314 calories, 
§ 1 2. Caloric absorbed hy the fusion of the slag, the decomposi- 
tion of the limestone, eie. — The sl^s have very different degrees of 
fusibility. Many years ago, Sefstrom and Berthier ascertained 
that biaUicates and eveu trisilicates of lime, magnesia, and 
alumina, are more fusible than the protosilicates, and generally 
the most fusible silicates correspond to compositions near to 
bisilicates.^ It is on this account that the bisilicate formula 
is aimed at in all cases where the presence of sulphur or 
some analogous motive does not demand an excess of lime in 
the charges. And from this circumstance we see that not 
only the caloric absorbed by the slag, but that of the iron 
yielded, must vary, as above indicated, with the chemical con- 
stitution of the slags. The difference in the fusibility of slaga 
has been proved by Flattner also, by comparing it with various 
alloys of gold and platinum. But if fusibility varies with the 
composition of the slags, so must the total caloric. The earthy 
aingnlo silicates, which are little fusible, must take more caloric 
than the bisilicates of these bases, or than the silicates contain- 
ing a certain proportion of alkalis, and of the oxides of iron and 
manganese. Hence, a diversity of results has been obtained 
by experiments on slaga aa by those on cast iron. 
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For a very irony slag from a cupola, 1I5I. Alineray aiid IlL'sal 
found 336 calories. 

For a slag, approximating to sesquisilicate of lime and of 
magnesia, M. Einman found 441 calories, and for another 430. 
For a glassy slag from charcoal furnace, having manganese in 
its composition, and approximating to a bisilicate, M. Gillot 
found 370 to 360 calories. 

MM. Dulait and Boulanger found, for a sli^ of No, 3 iron, 
433 calories, and for one from grey iron for foundry,. 492. 

These two latter slags, like the most of slaga coming from 
blast furnaces working with coke, are generally nearly singulo- 
silicates. The first certainly contained oxide of iron. 

Lastly, M. Vathaire found, for a slag from a coke furnace 
yielding No. 3, 350 calories; and Mr. Bell found even 672 
calories, but considers this number as a too high determination. 
From what precedes, we see that slags which are bisilicates 
and contain manganese, do not retain more than 370 to 400 
calories in flowing from the furnaces, whilst seaquisilicates 
retain about 450 ; and that singulosilicates may take as much 
as 500 calories when they contain neither iron nor manganese, 
but, on the other hand, a high proportion of earthy bases. 

Again, Mr. Bell admita 550 eals. for the total caloric of 
slags of Cleveland No. 3 iron, by reason of their strong pro- 
portion of lime and alumina. 

In any case, the slags always retain more caloric than the 
iron. They have both a higher specific heat and a higher 
latent heat. This latter is as high as 120 cals., according to 
Einman, for sesquisilicates, whilst that of cast iron is only 4C. 
But we see fi«m the diversity of results, that in order to have 
I .^n exaci estimate of the caloric absorbed, we should have to 
I make special experiments on each slag. 

We have more exact experiments on the caloric absorbed in 
■Qie decomposition of Hmes(»ne. R[M. Favre and Silbermann 

ind the number 373'5 calories for calcspar, and 3606 for 
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arragonite.' Thua, in tMa case again, the molecular state has 
a certaiji influence on the oaloricity, and it cannot be affirmed 
tliat every limestone, crystalline or amorphoi 
porous, requires the same sum of caloric for its decomposition, 
Still, we may admit 373-5 for our present purposes. 

We have now to estimate the caloric abEOrbed by tha 
vaporization and decomposition of water. For the evaporar 
tion we shall adopt Kegnault's number, 606-5 calories. 

For the decomposition of water, we have 29003 calories pee 

lb. of hydrogen set free. This ia the caloric produced by the 

combustion of hydrogen to steam} The result, therefore, i 

29003 

— - — =3222 calories per lb. of water. 

Let us remark in conclusion, that though the fusion of the 
slags absorbs caloric, the combimitiou of silica and the bases 
probably disengages a certain amount of caloric which 
cannot estimate. 

§ 13. Sensible heat carried off by the Oases. — The calorie 
carried off by the gases is easily calculated if we know their 
composition and their temperature. 

It is only necessary to consider separately each constituent 
of the gaseous mixture. Taking the specific heats determined 
by Kegnault we have per lb. and for each degree Centigrade : — 
ForCO* . . 0-217 

CO . . 0-226 

N 0-24:4 

Steam . . 0-480 

and we find further on that according to the mean compoaitioifc 
of the gases of blast furnaces (coke), the specific heat is as a 
general average very nearly 0-237. 

' Annales ik phyiique et ife chimk, 3rd aeries, t. xKxvii. 

3 1 lb. hydrogen produces 34,462 calories, tie steam being oonflenBed to 
0°. If wnter remained in tlie state of va])aurat 0°, ve must deduct 9 -h 606 -S 
= 545S-fi. Hence the figure 29003 above given. Campore £eU, aectiaa xlL Tr. 



STUDIES OF BLAST FURNACES. 35 

§ 14. Caloric lost by radiation from the walls of furnace, etc. 
— The caloric thus lost is composed of several parts. Tliere is 
the heat carried ofif by the cooling water, which is easily deter- 
mined ; there is the heat dispersed by radiation from the walls ; 
that which the air carries'off in its currents past the walls, and 
that which passes into the base of the furnace by conduction. 
These two latter cannot be determined, but we may attempt to 
detemiine what is lost by radiation. 

Mr. Bell made experiments on this subject on a blast furnace 
on the Wear. He used an oblong vessel of copper holding 
ahout nine quarts of water, every side of which except that 
put to the furnace was cased with flannel and with wood, with 
interposed thin strata of air. 

By applying this uncovered side to different parts of the 
wall of the furnace, Mr. Bell ascertained the caloric given off 
per unit of surface, and hence for the whole surface of the 
furnace. In this way he found — 
For the Wear furnace per lb. of iron, . 186 calories 
And for the caloric carried off by the water 
of the twyres, 10150 lb. of water heated 
to d'^'lQ Centigrade, . . . . 93 „ 

Total, . 279 

And to this must be added an allowance for caloric carried off 
by the air currents, and that lost in the foundations. And 
thus the number 300 or even 400 calories may be adopted for 
this source of loss of caloric. 

§ 15. Determina^tion of the Caloric received by a Blast Furnace, 
Let us now return to the caloric produced in the interior of the 
furnace. Neglecting the caloric resulting ftom the combina- 
tion of the elements constituting pig iron and the slags, the 
caloric produced is derived solely from the transformation of 
carbon into a certain mixture of CO^ and CO. 

This caloric may be calculated, either by deduction from the 
analysis of the gases, or by considering separately the zone of 
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coinbiistion near llie tn7re ami the zone of rednction in whicli- 
CO is transferred into CO^. 

Let US first apply a knowledge of the analysis of the gases. 

Making nae of the notation of § 7, we have y = the w«tght 

3 

of CO, and my = equal the weight of CO , and hence— y — 



the carbon in CO, and , 



my 



= the carbon in CO*. But the 



carbonic acid contains ft of carbon derived from the limestone, 
therefore the cftrbonic acid produced by combustion only con- 
tains I ff "i-y — i ) of carbon. 

The caloric produced is therefore composed of the two pro- 
ducts : — 

3 / 3 \ 

s y X 2473 + j 7T wj-y — 6 ] X 8080 calories (4) 

Let U8 now ascertain how this caloric is divided between the 
two zones. One portion of carbon is transfonned into CO in 
the upirer part of the furnace, the remainder descends to the 
sphere of the twyres, and there again produces CO, and lastly 
a part of the total CO arising from these two sources is defini- 
tively burned to CO* by the oxygen of the ores and fluxes. 
The caloric generated in the zone of reduction is thus composed 
of the sum of the quantities of caloric produced (1) by this par- 
tial combustion of carbon into CO in the upper part of the 
furnace, and (2) by the formation of CO^ under the action of the 
ores and fluxes. It is easy to calculate those quantities of 
caloric respectively. 

The 094 of iron in a lb. of pig iron were united in the per- 

3 „ 

oxide to - X 0'94 = 0^° '403 of oxygen, and this oxygen unites 

with a portion of CO containing ^ x 0'403 = 0"302 carbon. 
If, then, the CO^ thus produced were not partially re-converted 
to CO, — if, in other words, the working of the furnace were 



in 
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. Ti'Iiat we have termed the ideal, we should find in the escaping 
gases a weight of CO* containing 0^^ -302 + 6 of carbon, 6 being, 
f as we have said, the weight of carbon in the limestona But 

i the gases of the furnace conttdn only [ -r my J of carbon i 

CO^; therefore 0^^ 302 + 6 — ( fT ^y ) represents the carbon 

of the portion of CO* which has been reconverted to CO, and 
as CO^ bums exactly the weight of carbon which it already 
possessed, this expression will represent the carbon burned to 
CO m the region of reduction. On the other hand, as (a — 
003) is, according to § 7, the total carbon of the coke, minus 
the 3 °l^ taken up by the pig iron, we perceive that the carbon 
burned at the twyres is given by the diflference — 

{a 003) — f 0-302 + J— - my \ 
and hence the caloric produced near the twyres will be 

(5) |(a— 0-03) — [o-302 + 6— TT rriy\\ x 2473 calories. 

As to the caloric prodticed in the zone of reduction, it, as we 
have seen, arises from 

(1) Carbon burned to CO by the ores, or 

{ 0-302 + 6 — ^y \ X 2473 calories. (6) 

(2) The CO transformed into CO^ by the ores. 

Now the CO^ thus formed contains ( rz^y — h j carbon, 

7/3 \ 

and corresponds to -( — my — 6 j of CO ; (7) 

which by combustion would give 

7/3 \ 

-I — my — 6 I X 2403 calories. 

The sum of these three products must equal the number we 
have found above by the first method — that is, in starting 
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simply from the analysis of the gases — that is, they reproduce 
the expression — 

-yx 2473 +(3-1 ^y-^ ) X 8080 (4). 

And this, in fact, is easily verified. The sum of the two firsfc 
expressions (5) and (6) come in the first place to 

{a 003) X 2473 calories. 
This is the caloric produced by the total carbon of the coke 
transformed to CO. As to the third expression (7), which 
gives the caloric produced by the transformation of CO^ it may 
be written thus — 

r- my — 6j X - X 2403 = f rr my — 6j x 5607 ; 
and as 5607 = 8080 — 2473, we have finally, 

-(^— my — 6^ X 2403 = 1 j-my— 6 j x 8080 — f— my— fcj x 2473 
and hence the sum of the three expressions (5), (6), and (7) is 

fa— 0-03 — — my + 6] X 2473 + — my — 6 j x 8080 (8) 

which is evidently equal to total sum (4); for, according to our 
notation and equation (1) of § 7, we have 

a + 6 — 0^*^ -03 = ^ 

and [i^ + ][YWiyj=- 

3 

so that the co-efficient 2473 in the expression (8) becomes - y 

as in the sura (4). 

From what we have above said it will now be easy to com- 
pare the caloric consumed and the caloric received. It is suffi- 

cient to know for each particular case the ratio p^ = m, and 

the values of a and h in the charges referred to the lb. of Iron 
yielded. 

Let us apply the formulas we have developed to some 
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examples, and first let ns take the Cleveland furnaces, which 
were the subject of Mr. Bell's inyestigationa 

§ 16. First example. — ^As a first example we take the small 
furnace of Clarence Works of 1853, already mentioned § 8, and 
shown in fig. 2. The height is 48 feet and the internal capa- 
city 6000 cubic feet. There are 1*450 tons coke consumed per 
ton iron yield — that is 1*318 of pure carbon. We have there- 
fore per lb. of iron yielded — 

Carbon in the coke, or a = . 

Carbon in limestone, or & = 0*12 x 0*80 . 

Total carbon .... 

Carbon absorbed by the cast iron . 

Total carbon of the gases, or j? = . 1 *^ 3 8 4 

CO* 

According to the analysis of the gases pj=r- = m = 0387 

These data give, by the formula of § 7, as has been shown in 
§ 8, the following results : — 

Weight of the dry Oases, 
my or CO* = P 002 Carbon contained 0^^ 2735 = -- my 

yorCO =2-591 „ 1 '1105=-^. 
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333 = WN =4-978 



Weight of dry gas = 8*571 
Water from coke = 005 1 



Total carbon . 1^^3840 =jo. 



Weight of moist gas =8*622 

Weight of Air of Blast. 
Oxygen of dry air (z) . . = 1^^^495 

K =4 *978 



Weight of dry air . . . = 6 '475 

Moisture 00062 X 6-473 . . =0 -040 

Weight of moist aix . . . =6^^513 

or 6*513 tons per ton of pig-iron yielded. 
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Calorie earned in by the blaet. — The temperature of the bli 
was 485° C. 

The specific heat of diyair is — 0'2375, andasthat of vapour 
is 0'4S, the meaD specific heat of the blast is 

02375 +00062 X ^'^^_f..^f.^ 
10062 ~ 

and this gives, for the caloric carried in by the moist blast, 
6-513 X 485° X 0-239 = 755 calories. 

Calorie produced in Ihefuniatx. 
The caloric due to CO* — 
i—y — ft) X 8080 = (0-2735 — 0096) X 8080 = 1434 calories. 



The caloric dne to CO — 

3 

— y X 2473 = 1 11 05 X 2473 = 



2746 



Caloric produced in the furnace by 1"288 

carbon = 4180 „ 

and hence caloric from 1 lb. :z^ . .3245 „ 

whilst, if this lb. were completely burned, it would have pro- 
duced 8080 calories, so that the caloric really developed is only 
040 of the calorific power, properly so called, of the coke 
consumed. 

It will now be shown how tlua caloric produced ia divided 
between the zone of the twyres and that of reduction. 

The carbon buraed in the zone of reduction is given by the 
expression, 

0-302 +S my = 0-302 + 0-095 — 0-2735 ^O""-] 245. 

The total carbon burned in the furnace, as above 

shown, is =1-288; 

therefore, the carbon burned near the twyres . = 1-1635, 
and the caloric produced in this zone, 

1-1635x2473 = 2877 calories. 



t 
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As to the caloric of the zone of reduction, it is composed — 

(1) of carbon burned to CO, or 

01245 X 2473 = 308 calories. 

(2) of the oxide of carbon 

7/3 \ 7 

-I— my— 6 l = --(6-1775) — 0-414 calories. 

transformed to CO* 

or 0-414 X 2403 = 0*995 calories. 
Hence, we have in the zone of reduction, 

For carbon burned, . . 308 calories. 

For CO burned, . . 995 



Total of zone of reduction 1303 

Caloric of the zone of twyres 2877 

Total caloric produced . 4180 

Caloric carried in by the blast 755 

Total caloric received . 4935 



)) 



it 



» 



w 
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Let us now compare with this the total of caloric absorbed or 
utilized by the substances reduced and fused in the furnace. 

Eeferring to § 10, the caloric absorbed may be arranged under 
four heads : — 

(1.) One element, almost constant, which comprises the 
caloric taken for reduction of the ores and the fusion of the 
iron, which, according to §11, = 2314 calories. 

(2.) The fusion of the slags, the decomposition of the limestone, 
etc., § 12. — If we take the data above given, we find — 

Fusion of slags . . . 1*610x550 =885 calories. 

Decomposition of limestone . 0800 x 373*5 = 299 „ 
Evaporation of water in coke . 0051 x 606 = 31 „ 
Decomposition ofvapour in blast 0*042 x 3222 =129 „ 



Total . • . 1344 „ 

(3.) The calorie carried off by the gases (§ 13). — ;The gases 
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escape at the mean temperature of 462* C. ; therefore, from the 
known weight of the gases, we have — 

For CO^ . 1-002 x 0-217 per T c. 0-2175 cals. 

For CO . 2-591 x 0-226 „ 0-5856 „ 

ForN . 4-978x0-244 „ 1*2146 -,, 

For NO . 0051 x 0-48 „ 0-0245 „ 



Total of gases 8-622 ... „ 2*0421 „ 

and for the mean specific heat of the gases, 

2-0421 ^^^^ 
=0-237, 

8-622 

a number which is nearly constant in the Cleveland district. 
Thus, en resume, we find — 

(1.) Caloric taken ioi reductiomjii fusion of the iron 2314 cals. 
(2.) Caloric taken for fusion of slags, lime, etc. . 1344 „ 

(3.) Caloric carried off by the gases . . 923 „ 



Total . . 4581 



)> 



and from this we have to deduct as ) ,.«. oko 
, , J. .. .. , vdmerence 358 „ 
loss by radiation, evection, etc. j 

Total, equal to caloric received . = 4935 „ 

§ 17. Second example, — As second example, we take the 
blast furnace of the Clarence Works of 1866, already mentioned 
in §§ 2 and 8 (fig. 6). 

The elements of this furnace are — height, 80 feet ; capacity, 
11,500 cubic feet. 

Coke consumed per ton, 1-125 tons, or pure carbon, 1020 

Ore, .... 2-240 „ 

Limestone, . . . 0*683 „ 

Slag produced, . . 1-520 „ 

Temperature of blast, . . 485** C. 

Temperature of gases, . . 332** C. 
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fiom which we find per Ih. of pg-iion produced. 

Carbon of coke, a = . 1^*020 

Carbon of limestone, ft = 0-13 x 0-633 -082 



Total carbon, a X ft = 1 '102 

Carbon taken np hj iron, . . -030 



Total carbon of gases, ji= . l"'-072 

On the other hand, the analysis of the gases gave m = 
06865, which, with nse of formnlas of § 7, gives the following 

results: — 

Weighls of Gases. 

3 
my or CO* =1-195 Caibon contained, 0-326 = — tny 

3 
y or CO = 1-740 „ 0746 = — y 



7 



3-332 or N = 3*969 



Total carbon, 1 072 =23!. 



Weight of dry gases =6*904 
Water from coke = 0029 



Weight of moist gas = 6*933 

Weight of Air in Blast 

Oxygen of dry air (z), . 

Nitrogen, . . . . , 

Weight of dry air. 
Moisture 00062 x 5161, 



Weight of moiBt air, . . . 5^^193 

or, 5*193 tons per ton of iron mada 

Caloric carried in by Blast. 
5193 X 485"* X 0239 = 662 calories. 



1" 
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Caloric produced in the Furnace. 
Caloric due to CO^ ; 

f--my— fijx 8080 = (0-326— 0-082) X 8080 = 1971 c 
Caloric due to CO ; 



■yX 2473 = 0-746 X 2473. . . 1845 



Caloric produced by 0-990 carbon . . 3816 eals. 

and hence caloric by 1 lb. carbon , = 3854 eala. 

Wliich gives for the caloric really developed 0-48 of the- 
calorific power of the coke consumed. 

The 3816 calories divide themselves between the zones of 

the furnace aa follows : — The carbon burned in the zone o£ 
reduction ia given by the formula : 

, 3 

0-302 + J — — "^y = 0-303 + 0-082— 0-326 = 0058.1 

Hence the carbon burned near the twyres 0-990 — 0-058 = 
Oi-932, and the caloric produced in this region : 
0-932 X 2743 = 2305 calories. 

The caloric given off in the zone of redvition arises from 
(1.) The carbon burned to CO, 

= 0-058 X 2473 . . . = 144 crL ' 

(2.) The CO burned to CO^ 
3/3 ,\ 7 

~T(TT'"^ J*^^*'*^~T'**^'^^**^ "*^^ = 1367 cak 

Caloric produced in zone of reduction, , . 1511 cala, 

Or, to sum up, caloric produced near the twyres, 2305 caL 

Do. do. zone of reduction, . 1511 

Total caloric produced by combustion, . , 3816 caL 

Caloric carried in by the blast, , . . 602 cal. 

And hence, total caloric received, . . . 4418 cal. 

> It ia riglit to caU attentJun liere to thia number. 0-05S aJmrrbtd in traoi- 
forming CC to CO ia less than tha 0-082 of carbon in the limeatone, wbicli , 
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We can already perceive, by comparing this total of caloric 

feceivd with that of the first example, § 16, that to produce 

^^Q same useful effect, the supply to this second furnace is 517 

calories less, and the difference is altogether in the caloric of 

the region of the twyres. 

The caloric generated in the zone of reduction is even 208 
calories more in the large furnace than in the smalL 
let us now estimate the caloric absorbed, 
(1.) For the reduction of the ores, and the fusion of the pig- 
iron, . . ... . . . 2314 cals. 

(2.) For fusion of slag and decomposition of lime- 
stone, etc., § 1 2 gives : 
Fusion of slags, . , 1-510x530 =836 caL 

Decomposition of lime, 0*685 x 373*5 = 255 
Vaporisation of water of 

coke, . . . 0*029x606 = 18 

Decomposition of vapour 

in blast, . . 0032x3222 = 103 

Together, . . . 1212 caL 1212 

Caloric carried in by gases : 

6*933 X 332° X 0*237,^ .... 545 

Total, . 4071 
And hence loss by radiation and evection 

(difference), . . . . . .347 

Total of caloric received, , 4418 cals. 

§ 18. Third exarrvple, — ^As third example, we take with Mr. 
Bell the Ormesby blast furnace, built in 1867 (fig. 8). 
The elements of this furnace are : — 

Height, 76 feet ; capacity, 20,600 c. feet. 
As at Clarence Works, the ores smelted are calcined Cleve- 



proves, contrary to Mr. Bell's opinion, that the whole carbonic acid of the 
limestone is not necessarily transformed to CO io the blast furnace. 
^ 0-237 is, accordiDg to § 16, the mtan specific heat of the gases. 
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land ores. The yield is 63 tons of pig, Nos. 3 and 4, in 24 hours, 

which corresponds to 326 cubic feet capacity per ton of iron : 

Coke consumed per ton, 1*100 tons, or of pure carbon, 1*017 t 

Ore, . . . 2*440 „ 

Limestone, . . 0*625 „ 

Slag produced, . . 1*485 „ 

Temperature of blast, 780* 

Temperature of gases, 412' 

And from these data we deduce per each lb. of iron yielded : 
Carbon of coke, a, . . . . =1*017 

Carbon of limestone, 6 = 012 x 0*625, = 0*076 

Total carbon, a + b . . =1 092 

Carbon absorbed by the pig, • . = 0*030 

Total carbon in the gases p, = 1*062 

On the other hand, the analysis of the gases gave m = 0*542. 
With these data, the formulas of § 7 give the following 

results : — 

Weight of Oases. 

3 
my =C0^= 1^^*000 carbon contained 0^^*272 = Y^y. 

3 

y = CO =1 845 do. do. -790 = — y. 

3*33 « or N =3 -745 



Total carbon, 1 -062. 



Weight of dry gases, 6^^*588 
HO from coke, . -028 



Weight of moist gas, 6 '616 

Weight of Air in Blast. 
Oxygen of the dry air (z), . 

^^ • • • • • • 

Weight of dry air. 
Moisture 0*0062 x 4*867, . 

Weight of moist air, . 



1^^124 
3* 743 

4* 867 
0* 030 

4* 897 
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CcJarie carried in ly Blast, 
4-897 X 780** X 0-239 = 913 calories. 

Caloric produced in the Furnace, 
Caloric due to CO' : 

/_my— 6j 8080 = ((P -272 — 0075) X 8080= . 1592 cals. 

Caloric due to CO. 
— yx 2473 = 0-790x2473 .... 1954 „ 

Caloric produced by 1-062 — 0-075 = 0'** 987 carbon, 3546 cals. 
And hence, caloric produced per lb. carbon, . 3593 cals. 

And this gives for the caloric really developed 0*44 of the 
calorific power of the coke consumed. 

These 3546 calories are divided in the following proportions 
between the two zones of the furnace. The carbon burned in 
the zone of reduction is given by 

0-302+6— —^y=^ '^^2""^"^^^"" ^272 = 0^ 105 

Therefore the carbon burned near the twyres = 0"*-987 — 
O"* -105= 8 82, and the caloric produced in this region, 

0-882x2743 = 2181 calories. 
The caloric. generated in the zone of reduction arises &om 
(1.) carbon burned to CO = 0^ 105 x 2473 = . 260 cals. 

(2.) CO transformed to CO*, 



or 



-!f^my— 6^X2403= -x 0197X2403= . 1105 
3\11 ^ / 3 



n 



99 



Caloric produced in zone of reduction, 1 365 

Or, en riswmi^ Caloric produced near twyres, 2181 „ 

Caloric from zone of reduction, . 1365 

Total caloric from combustion, 3546 
Caloric taken in by blast, . . 913 

Total caloric received by the furnace, 4459 
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On the other hand, the caloric absorbed is composed of 
(1.) That for reduction of ore and fusion of pig (a con- 
stant) ....... 2314 cals. 

(2.) For fusion of slags, and decomposition of lime- 
stone according to § 12. 
Fusion slags, . . 1-485 x 550 = 81T cals. 

Decomposition of limestone, 0625 x 373-5 — 233 
Evaporationof HOincoke, 0028X 600— 17 
Decomposition of vapour 

in blast, . . . 0-030 x 3222= 97 

Together 11G4 1164 cals. 

(3.) For the sensible heat of gases, 

e'^-eiex 412° X 0237, . .646 

Total 4134 
Hence (4.) loss hy radiation and evection (by differ- 
ence), 335 

4459 

§ 19. Fourth Example. This is the blast furnace at Con- 
sett, smelting a mixture of calcined Cleveland ores and red 
hematite of Cumberland. 

The elements of the fumsice are. 

Height 55 feet, capacity 9300 e. ft. 

Mean daily yield, 55 tons of pig-irou No. 5, which gives 170 
cubic feet capacity per ton yielded. 

Coke consumed perton of iron, l-1.37ton3, orpnrecarbonl.035Ii 
Ore, .... 2-083 
Lime, .... 0-412 
Slag produced, . . 0-960 

Temperature of blast, . 4B4° C. 

Temperature of gas, , . 677° C. 
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Prom these data we have per lb. of pig-iron yielded, 
Carbon in coke, a . . . . . = 1^^ -0355 

Carbon in limestone, 6 = 01 2 x 0*41 2 . . =0 0495 

.\a-\rb . . . =1 -8850 

Carbon absorbed by iron, .... -0300 

Total carbon in gases, p, = 1^^ 0550 

On the other hand, the analysis of the gases gave m = 0*502. 
And now, with these data, we have the following results by 
the formulas of § 7 : — 



WeigM of Oases, 
my or CO* = 0^^ -9355 Carbon contained = 0^^ -2555 = 



3 

-ray 



yorCO = r^-8655 



do., 



= -7995 = 



y 



Total carbon, p=\^^ -0860 =p 



3-33 » or N— 3 -8760 




Weight of 




dry gases, . 6 6770 




Water from 




coke, . . 0-029 




Weight of 




moist gas, , 6^^ -706 




WeigM of Air in Blast. 




Oxygen of dry air (2;), 


1^^-164 


Nitrogen, ....... 


3 -876 


Weight of dry air. 


5 040 


Moisture, 0-0062x5 040 . * . . 


-031 


Weight of moist air, . 


5^^ 071 


Caloric carried in by Blast 


• 


5071 X 454°, 5 X 0-239 = 551. 




D 
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Calorie produced in the Fwmace. 

Calorie due to CO^ 



f — my— 6^ X 8080 = (0-3555 — O'O+OS) x fi 



^yx 2673 = 0'' 



Caloric due to CO. 
■7995x2473, . 



1977 



Caloric produced by l'*-0055 of carbon (a— -03) — 3641 cali 
Therefore, caloric by 1 lb. of carbon, . . :i^3621 „ 

Which gives as the caloric really developed 0-45 of th< 

calorific power of the coke consumed. 

These 3641 calories are divided between the two zones 

the furnace as follows : 

The carbon burned in the zone of reduction given by : 



2 + i- 



my - 0'" -302 + 0*0495 — 0-2555 — 0-096 



and therefore the the carbon burned near the twyres= 1-005J 
— O"' -096 = 0-9095, and the caloric produced in this region, 
0'9095 X 2473 = 2249 calories. 

The caloric generated in the zone of redttction arises from 
(1.) The carbon burned to CO, 

or 0096 X 2473 237 cals. 

(2.) The CO transformed to CO'', or 



U55 
1392 



-(— my— 6j2403 = -' x O"" -206 X 2403 :z 

Caloric produced in the zone of reduction. 

Add caloric produced at the twyres, . . 2249 

Total heat of combustion, 364J 

Caloric carried in with blast, . . . 551 

Total caloric received by the furnace, 4192 
On the other hand, the caloric absorbed is composed of, 
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(1.) Seduction of ores and fusion of pig-iron, according to § 11 
(constant), * » » » « 231 4 cals. 

(a) For thefusionof8lag8,§ 12,0^^-960 x 550 = 528 cals. 
Decomposition of lime- 
stone, . . . 0-412 X 373-6 = 164 
Evaporation of water of 

coke, . . . 0-029x606 = 18 
Decomposition of HO 

in air, . . . 0-031x3222 = 100 

Together, 800 cals. 800 

(3.) For the sensible heat of the gases (§ 13), 

6^^ -706 X 477** X 0-237, • . . 758 cals. 

Total, . 3872 
(4.) Loss by radiation and evection, etc. (difference) 320° 

Total equal to the caloric received, 4192 cals. 

§ 20, Fifth Example. This is the blast furnace No. 4 of 

Consett, smelting like the preceding one, a mixture of calcined 

Cleveland and red hematite of Cumberland ores. The elements 

of this furnace are : — 

Height 55 feet, and capacity 10,200 c. feet. 
The mean yield is 60 tons of Nos. 4 and 5 in 24 hours, or 
195 c. feet per ton of pig iron. 

Coke consumed per ton, 0*900 ton, or pure carbon 0*819. 
Ore, . . . 2-083 

Limestone, . . 0406 
Slag produced, • . 0950 

Temperature of blast, 710** C. 
Temperature of gases, 248** C. 

And hence per lb. of pig iron yielded : — 

Carbon of coke a . . . =0^^-8190 

Do. of limestone, 6 = 0*1 2 x 0406 = -0485 

Total carbon, a + 6 . . =0 -8675 

Carbon absorbed by iron . . =0 -0300 

Total carbon of gases, p . =0^^ -8375 



STUDIES OF BLAST FURNACES. 



The aaalyais of the gases gave m = 0'6S 
Applying thQ formuhis of § 7 we find. 



■my or CO' 



Weight of Gases. 
= -STlSCarboncontained 0-2375^ 



11 



Do. 0'6000 — -J. 

Total carbon, 0-8375 



yorCO -I'** -4000 
3-33 2 or N = 2 -8G70 

Weight of dry gase3, 5 1385 
Water from coke, . -0225 
Weight ofmoistgaaes.S"'-! 610 

Weight of Air in Blast. 
Oxygen of diy air {z), . . . — O'^ 86 1 
Nitrogen, —2 -867 

Weight of dry air, . . — 3 -728 

Moisture in air, 0'0062 X 3-728. ■ =0 '0^3 

Weight of moist air, . , =3'" -751 

Caloric carried in by Blast. 

3-751 X 718''C. X 0-239 = 643 calories. 

Caloric produced in the Blast Furnace. 

Caloric due to CO* : — 

{ wy— 6 "1x8080 = (0-2375—0-048S)x 8080 = 1527 c 



Caloric due to CO. 
-yx 2473 — 0-600 x2i73 



=1484 , 



Caloric produced by 0"'-T89 of carbou = (a — 0-03) = 3011 
Hence caloric produced by l^'"- . . . =3816 

Which gives for the caloric really produced in the furnace 0-47 
of the calorific power of the coke consumed. 
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The 3011 calories are divided as follows between the two | 


zones of the furnace; — 




1 


The carbon burned in the zone of reduction is 


J 


0-302 + 6 — —my = O'** "302 + O"* "485 — O' 


■2375 


= 0113 1 


and therefore the carbon burned near the twyrea, 


1 


0"" -789 — 0-113 = 


0-676, 


I 


and the caloric produced in this region, 




1 


0-676x2473 


= 1672 cals. 1 


The caloric generated in the zone of reduction arises from | 


(1.) carbon burned to CO, 






or 0-113x2473, .... 


.= 


279 cals. 


(2.) CO transformed into C0^ 






-(-mij—bjx 2403= -X 0-189x2403, . 


■ = 


1060 


Caloric produced in the zone of reduction, . 




1339 cals.. 


■which, en rimma, gives 






H Caloric produced near the twyies. 




1672 cals. 


B Do. do zone of reduction. 




1339 


H Total caloric of combustion, 




3011 


^1 Caloric carried in by the blast, . 




643 


^1 Total caloric received by the furnace, . 


3654 cals. 


H On the other hand, the caloric absorbed includes. 




^f (1.) For reduction of ores and fusion of iron 


(§11) 




^1 constant, ..... 




2314 cals. 


H (2.) For fusion of dags, decomposition of lime, etc. 




■ §12:- 




, 


H Fusions of slags, . 0'950 x 550 - 


522 cals. _| 


^L Decomposition, . 0-406 x373'5 — 


152 


^^^ 


^H Evaporation of HO in 




^^^1 


^H coke, . . 0-0225 X 606 = 


14 

u 


^ 
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Carried forward, 688 2314 cals. 

Decomposition of va- 

poor in blast, . 0*023 x 3222 = 74 

Together, . 762 762 

(3.) For the sensible heat of the gases ^13), 

5"*161 x248'*x 0-237 . . . . =303 

Total, . . . 3379 cala 

Hence loss by radiation, evection, etc. (difTerence), 275 

Total equal to caloric received . 3654 

§ 21. Consequences derived from the preceding examples i-^-^ 
Before applying this method of analysis of the working of 
blast furnaces to other examples, let us endeavour to extract 
from the numbers we have arrived at the lessons they teacli. 
Let us examine in turn the influence of the capacity, and of 
the heighty of the furnaces, and then that of the temperature of 
' the blast. 

For this purpose we have gathered into a single table the 
most salient results of the examples we have chosen as 
illustrations. 
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Let ua remark now, at once, on the subject of the five ex- 
amples compared in this synoptical table, that the fumaoea of 
Conaett are not rig(rrou&ly eomparable with the three others. 
The ores treated are richer — a mixture of hematites and calcined 
Cleveland oxides ; and, above all, the pig iron ia cooler, so to 
speak, — it is Nos. i and 5, and not Kos. 3 and 4, like those of 
Clarence and Ormesby. 

On this account we should calculate for Consett furnaces 
rather less than 330 and 550 calories for the caloric absorbed 
by the fusion of pig and slags. This circumstance explains the 
relatively feeble amount, found by difference, for the caloiic lost 
by the walla, etc., of the furnace at Consett. 

Having mentioned this, let us now compare the two furnaces 
of Clarence, which differ from each other only in capacity and 
in height, whilst they are charged with exactly the same-ores, 
fluxes, and coke, and with blast at the same temperature, and 
yield pig-iron of the same quality. If the consumption be 
different, it must chiefly arise from this difference in capacity 
and in height in the two furnaces. It is necessary to remark, 
however, that the section of the furnace of 1866 is more taper- 
ing than that of 1853 (figs, 2 and 6). For very different 
Twights, the waist of the large furnace is 6 inches more than that 
of the small one. The distribution of the reducing gases, and 
consequently the reduction itself, will be less uniforw. in the 
small furnace, and thia circumstance alone may involve a less 
economical working. Nevertheless, we know by the general 
experience of blast furnaces that this difference of section can- 
not have any great influence if the mode of charging be suited 
to the section, which doubtless is the case in Clarence works. 

The descent of the charges ia slower in the laige furnace. 
The internal capacity is 300 cubic feet per ton of pig yielded, 
whereas it is only 195 cubic feet in the small. But this circum- 
stance alone cannot explain the remarkable difference in con- 
aumption in the two furnaces. In the greater number of old 
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blast furnaces in Britain and on the Continent, the internal 

capacity does not exceed 175 to 210 cubic feet, and yet the 
consumption is often less than in these Cleveland furnaces ; 
and laesidea, as remarked in § 2, the moat modern furnaces of 
Cleveland, which give 350, 420, and even SOO cubic feet 
capacity per ton of yield, consume no less — the temperature of 
blast being the same- — than the furnaces of smaller capacity, 
provided the height of these furnaces be suited to the nature of 
the ores treated, and the temperature of the blast We have 
only to consialt the numbers referring to Consett furnaces to 
be convinced that even with heights of 53 feet, and capacities 
less than 175 cubic feet per ton of yield, we may, with suitable 
ores, have a very small consumption of fuel ; and we therefore 
already conclude that it would be very rash to assert, in any 
general terms that, in all circumstances, blast furnaces of great 
height and great capacity are necessarily more economical of 
fuel than those of smaller dimensions. 

That which first strikes ns, in comparing the two blast 
furnaces of Clarence, is the difference of temperature of the 
gases, — 452° in the small, against 332° in the large furnace. 

Then comes the difference in the ratio p^, which is 0'387 in 

the small, and 0'6865 in the large. 

This low value of m in the small furnace indicates an un- 
favourable combustion of carbon ; that is, an abundant forma- 
tion of CO at the expense of CO* due to the reduction. 
We see, in fact, that each lb. of caibon burned 

produces 3854 calories in the large furnace, 
and only 3245 calories in the small 
Difference, 609 calories. 

We have found, above all, a great difference in the carbon 
Llmmed in the zone of reduction: 0058 per lb. of iron in the 
■■large furnace, and 0'1245 in the small one; a difference which 
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showB that the small furnace is much farther from the ideal 
woikiDg than the large oae. 

In reality, the large famece conaumes per lb. of pig yielded, 
f 0-990 is burned, 
1'" 020 carbon, of which i ,,„„„-. , i, ^t, - 

(_ 0-030 IS takeu up by the iron. 

The tmall furnace consumes 

,ihn.n 1. e i.-i.( 1'288 is burned, 
I^-SIS carbon, of which \ 

1 0-030 taken by the iron. 

Diff. -398 in favour of the laige fumaca 

The synoptical table shows, besides per lb. of pig yielded. 
Total caloric received by the small furnace, . 4935 cal 
Do. do. large fitmace, . i418 

Difference, . . . SI 7 cal 

And this excess is supplied partly by the hot blast, partly 
by combustion, properly so called. Notwithstanding the 
equality of temperature, the blast carries iu more caloric into: 
the small than into the large furnace ; because, as it consumes 
■more fuel, it requires more blast. 

The small furnace receives from the hot blast, . 755 caL 

The large, 602 

Difference, . . . 153 caL 

And, on the other hand, the total caloric of combustion ia- 
in the small furnace, ..... 4180 caL 

in the large, 3168 

Difference, , 364 caL 

But what especially characterizes the working of the two 
furnaces is, that in the higher furnace the caloric directly 
generated in the region of reduction is greater than in the lower 
furnace ; and, on the other hand, it is the lower furnace which 
receives most caloric near the twyres. 
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The table gives the followiDg quantities : — 
The zone of reduction of tho hij^h furnace receives, 1511 cal. 
Do. da low furnace receives, 1303 

DiEFerenoe, . . . 208 caL 
Zone of fusion of the low furnace, . . . 3G32 cal. 
Do. do. liigh furnace, . . 2907 

Difference on other aide, . 725 cal. 
But it is precisely this greater amount of caloric, developed 
ia the zone of reduction, which is the whole advantage of high 
blast furnaces. In fact, the excess — 208 calorics — to the 
profit of the upper region of the large furnace is in no way- 
derived from a greater proportion of solid carhon burned in this 
region. "We see, on the contrary, that the carbon consumed in 
the zone of reduction is only 0'** 058 in the high furnace, whilst 
it amounts to 0"'-1245 in the low. But instead of solid carbon, 
CO is bumed in the zone of reduction of the large furnace. If 
we refer back to §§ 16 and 17, we find that, per lb. of pig, the 
quantities of CO transformed to CO^ are O"* 414 in the small, 

7 
and ~ X 0-2ii = 0"' 'Begin the large; and the caloric developed 

in these npper regions is given in the following statement : — 
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Int.o8n,.imn««e. 


By the carbon burned, 141 oaloriee. 
By the CO burned, 1367 

Total, 1611 calories. 


SOS calorieH. 
995 .. 

1303 calories. 



Thus, as already remarked, the large furnace approaches 
much more nearly to the ideal working than the small one. Leas 
solid carbon ia burned, and more CO, and this difference in work- 
ing is expressed by the difference in the values 0'387 and 0'S865 

CO' 
of the ratio ^^ of the escaping gases. Whilst the gaaea of 

the larife furnace contain, per lb. of pig, l'*" 195 of CO' for 
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!"■ 7*0 of CO, those of the ^w^i contain 1'002 of CO'for 25 
of CO. 

Let ua now examine what becomes of the caloric received 
the two furnaces. We should find in the products, the exct 
of 517 calories received by the small furnace. 

The gases carry off in the form of sensible heat, 
923 calories in the small furnace, 
and only 545 calories in the large furnace. 

Difference, 378 calories. 
On the other hand, the fusion of the slags, and the d 
composition of the limestone, require more caloric in the 
furnace, because the excess of coke involves an excess of cind( 
which, in its turn, requires more lime to flux it. We hav 
on thia account, 

1344 calories in the small furnace, 
1212 calories in the large furnace. 

Difference, 132 calories. 

The sum of these two differences is 510 calories, leavii 
only 7 calories of the 517 to account for, and this may well b 
looked for in the losses by radiation, etc., estimated above b 

But these 517 calories only represent a feeble proportion 
the consumption of the two blast furnaces, that corresponding b 
the sensible heat. There is another much more importan 
which is indicated by greater proportion of CO in the gasi 
escaping. The gases of the small furnace contain, per lb. 
pig, 2'*-591— 1"''740 = 0'^-851 more oxide of carbon (CO) tht 
those of the laj^e furnace, which is a difference of calorifi 
power = 0-861 x3403 = 2045 calories. 

If we add to this the 517 calories of sensible heat, we han 
2562 calories more received by the small furnace. 

^ The walla of tbe Bmall furnace, tbougli less in surface, are hotter at toi 
for tlie gases have a higher temperature. 
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total, 153 calories come from the hot blaat.-. 2562 — 153 = 
2408 calories result from the excess of carbon bmned ; and the 

weight of the carbon = ^-—=0"'-298, -which is precisely the 

difference of consumption of the two furnaces. 

We have now analysed the differences of production and 
consumption of caloric in the two furnaces. Let ua now en- 
Jeav6ur to discover the caitse of these differences. 

In the first place, the descent of the charges is much slower 
in the large furnace. The ore in it does not so soon reach the 
region where the temperature is suEGciently high to determine 
the transformation of the CO^ by the solid carbon of the coke. 
Quite at the mouth of the furnace the temperature of the gases 
is higher io the small than in the large furnace — 152° instead 
of 332° ; and, starting from thence, the temperature must 
necessarily increase so much the more rapidly, all else being 
Dqual, as the tunnel or mouth is nearer the zone of fusion. 

tBell found in the 48 feet high furnace, 
A cherry red, at . . . 97 feet from tunnel. 

A bright red (S00° to 900°), at . 15-7 
Temperature of melting copper, at 27-0 „ 

the other hand, in the furnace 80 feet high, the bright red 
found only at 26 feet below the tunnel, and the point of 
fusion of copper (1000° to 1200°) 53 feet from tunnel-head. 
Thus, in the upper part of the lai^e furnace, there is a much 
^iQore extensive zone in which reduction may go on, as in the 
^^Bo/ working, under the action of CO alone, without any con- 
^Hbiption of solid carbon 

^^ This is the whole secret of the superiority of the large fur- 
nace. For one thing, the gases leave the furnace at a lower 
temperature, their sensible beat is better utilized, and then, 
there is a larger proportion of CO^ formed, which has the great 
advantage of consuming little solid carbon in the zone of re- 
duction, whilst developing much caloric by the combustion of CO. 
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But have we the right to conclude from this, that, in a iFar-' 
nace of given dimensions, the consumption will necessarily 
80 much the leaa, the slower the charges descend ; or, in othcS 
words, that by increasing the height and capacity of the 
naces, we shall always effect more economical working ? 

Is there not, under tiiia double relation of dimension and 
yidd, some limit 1 la there not, as indicated in § 2, a certain 
rapidity and mean volume giving a maximum of advantages,-, 
a sort oijusU milieu, which cannot be passed with impTinity? 
It is worth trying to get at tlie bottom of this question — and 
first let us examine the case of the small furnaces. What, 
does practical experience say as to the consequences of a very 
slow descent of the chaiges? 

§ 22. Influence of extra-slow w&rMng. — Mr. Bell had six blast 
furnaces at Clarence Works of 48 feet in height, and 6000 cubic 
feet capacity. The mean of a month's working gave 1'3T6 tons 
coke consumed per ton, when the daily yield was 35 tons. 
This was the- normal working of the furnaces. As an experi- 
ment, less and less blast was suppHed, which gradually reduced 
the yield ; but the consumption is thus recorded, 

witli a yield of 31*3 tons, the consumption was 1'4:49 tons.' 
29-4 „ „ 1'553 „ 

260-6 „ „ 1-717 „ 

that is to say, increased consumption hy lowering the speed of 
descent of the charges or rate of working} This example would 
not however be conclusive ; for even at 26-6 tons per day, the 
working is not very alow, as for each ton there is only 228 
cubic feet of internal capacity. 

The following, however, is, in my opinion, a more salient 
fact. I shall refer to the enormous consumption found by 
Ebelmen in 1865 in the two small coke furnaces of Pont- 
Ev^que and of Vienne in the Isere.^ 

At Pont-EvSque a blast furnace of 36 feet high and 1250 

I Seo Bell, sect ^xiii. p. 215. ' Annalee desMitifg, 4th soiie«, tom, «> 
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cubic feet capacity, produced only 36 tons in 24 hours of white 
toi^ iron with a consumption of two tons of coke per ton. 
. This was aft extra-slow working, for the internal capacity waa 
I 360 cubic feet per ton of white forge pig. 

At Vienne, a blaat furnace of S3 feet high and 1200 cubic 
fuet capacity yielded 4 tons per day of grey foundry iron, coo- 
auming 2'850 tons of coke ! In this latter case, however, the 
Torldng was not so far from the usual working, for the capa- 
city per ton was 310 c. ft. The eritmnous consumption arose 
chiefly from the want of height. 

Ebelmen was struck by the exaggeration of these figures, 
hut instead of looking for the true cause, he contented himself 
by drawing the general conclusion, that blast furnacea working 
ii'ith coke coTtmtme livice as much carbon as those working with 
charcoal, a perfectly erroneous conclusion.* By reason of the more 
basic character of the slags, tlie pig made by coke may require 
a slight excess of carbon, all being eq^ual. For the great porosity 
of the charcoal favours its combustion by CO* in the upper 
region of the furnace.' 

What we know positively is, that the large consumption in 
the small furnaces of P,ont Eveque and Vienne arises both 
from their want of height and the slowness of the descent of 
the charges. Since 1845 aU the furnaces of the Khone Valley 
have been carried to heights of 50 and 65 feet ; and now the 
yield is so increased that the internal capacity per ton is not more 
than 175 to 210 cubic feet; and the consumption is reduced to 
MOO to 1-200 ton of coke per ton of forge pig, when the coke 
b of good quality, with not more than 1 to 1 2 per cent of 
^der, etc. 

b appears to me then to be ascertained practically that not 
f a Kant of height, but also an extra slpw toorkitig, increases 
i conaumptioo. And theory is in perfect agreement with 
Krience on this head. 
» See Note III, Appendii. " Note IV. Appendix. 
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Whatever be the progress of descent of the charges — whethel 
fast or alow, it is quite evident that their temperature will 
increase the more rapidly &3 the height of the furnace is lesa 
Under these conditions, the ore, very little reduced, reaches tht 
zone where the heat is sufficient to burn carbon by the CO*. 
Consequently, the consumption must always be great in low 
furnaces. But there are two extreme cases which would even 
increase this eviL 

If the descent is too rapid,— ia which case the ascending 
gaseous current has an excess of speed as well as the descend- 
ing solid current, — the oxide of carbon (CO) has not the titM 
indispensable for effecting reduction in the upper part of the 
funiace. If on the other hand, the descent be too slow, ths 
carbonic acid (CO^), remaining much longer amongst the car- 
bon, wiU from that circumstance be transformed in larger pro-i 
portions to CO. 

In both cases we diverge from the ideal working, we consuma 
more carbon, and we find a less proportion of CO^ in the g; 

Consequently, it is quite evident that between these two 
extremes, there must be for each blast furnace, a mean, speed of 
working for which the consumption will he a minimmn? 

§ 23, Influence of great height and capacity. — Let us now 
consider the immense modern furnaces of Cleveland. Their 
working is relatively slow, for each ton of yield takes 280, 350, 
and even 420 to 440 cubic feet of capacity. 

This slow descent of materials may to a certain extent offer 
the same inconveniences in these large furnaces as in the smalL 
The CO^ has time to reform CO, although owing to the more 

' The analysia M El)Blmen gi ' ' "■' '— '" 

of Pont EvSquB, and as the fi 

conclude that the sample^ did not represent a mean of the 

* I do not pretend, be it understood, that this theoretical 
always be the moat favourable prsotieal working. For reducing the genial 
crpensee, it may be advantageous to force production at the expense of 
Bumption of fuel, though very rarely. 
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of Vienne gave thia value=072I, wo 
escaping. 
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gradual increase of temperature in the upper region of the large 
tumaces, this reaction of carbon on CO' is mucli less energetic 
than in the furnaces of small height But it is pretty certain that 

here again there is a_/us(e 7iiilieu giving aviinivmni consumption. 

But it 13 evident that in reference to the height of fitmacea 
it must be limited by the physical qualities of the ore and 
combustible. If these are small and friable, if they crush or 
[,'0 together under their own weight, it is not possible to exceed 
a certain height on account of the resistance ofTered to the 
passage of the blast, and the uniform ascent of the gases. 

And if the height be thus limited, it will be the same with 
the capacity of the furnace. It is only by increasing the dia- 
meter for a given height that the capacity can be increased, and 
this would render the section too stumpj/, and consequently, the 
distribution of the gases irregular and the reduction of the ores 
partiaL 

In a word, all the conditions of working would be less 
favourable. We cannot therefore give excess of capacity any 
more than we can excess of height. Besides, if the waist of 
the furnace be large, and the distribution of the currents un- 
equal, this latter inconvenience must be remedied by a slower 
working. This explains why the monster furnaces of Cleve- 
land have for each ton yielded 300 to 400 cubic feet of capa- 
city, and why also, as soon as it is attempted to work faster, 
they work less regularly and consuiae more coke. 

We shall now show by some examples that blast-furnaces 
of dimensions beyond certain limits, do not in reality offer any 
advantages. Take for instance the third furnace mentioned in 
our table, § 21, that of Ormesby of 1867. It has a height of 
76 feet with a capacity of 20,500 cubic feet. 

The section (fig. 8) compared with that of Clarence of 1866 
(fig. 6) is relatively stumpy and swelled out at the waist. Well, 
notwithstanding its capacity, its almost double yield, it con- 
sumes no less fuel than the other, for identically the same 
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ore and tlie same pig-iron. It gives O"" '987 carbon per lb, of pig- 
irou compared to 0''' '990, and that notwitlistanding a different 
temperature of blast of 295° (780°— 485°) ; that is, we have th4 
same consumption, though the one receives 311 calories more by 
the blast than the other. Tliis clearly indicates a less favourable 
working, and this isproved by all the figiiresofthesynopticaltabla 

The value of the ratio ^;^ — misleae: 0'5i2agam3tO'6865, 

The carbon burned in the zone of redaction is greater in amount: 
0"" '105 instead of 0058. The caloric developed per lb. of cart 
bon ia leas: 3593 at Ormeaby for 3864 caloriea at Clarence. 
The gases leave the furnace at a higher temperature, 413* 
againat 332°, and thua the aensible calorie carried off by the 
gaaes is 64fi calories against 545 at Clarence. The calorie 
developed in the zone of reduction is less, notwithstanding the 
excess of carbon burned, 1365 instead of 1511 calories; and 
finally, although the consumption is almost identical, the total 
caloric is less in the Ormesby furnace, 3546 against 3816 calories, 
from which we may conclude that if the higher temperature of 
blast had not been applied the consumption would have been 
by so much increased. Thus it seems demonatrated that the 
large furnace of Ormeaby works less economically than that of 
Clarence "Works. 

This might be attributed to the distended section of the 
Ormesby furnace. But this section is itself a consequence of 
the exaggerated capacity, so that we are forced to the conclu- 
sion that heyonda certain limit the enlargement of blast fumacea 
may 7wt only he no advantage, but may become prejudicial. 

This conclusion is further proved by the following facta, of 
which the elements are given in Mr. Bell's paper, 32d and 33d 
sections : — 

This distinguished and able iron-master has at Clarence Works 
several blast furnaces, all of 80 feet in height, but the capacities of 
which are respectively 1 1,500, 1 5,500, and 25,500 cubic feet (§ 2), 
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But he has been unable to find any appreciable difference 
between the results furnished by these three types; or rather 
it is that of the smaUeat capacity — 11,500 cubic feet — the 
section of which is mora tapering, which appears to work best ;. 
tor it is this which approaches the nearest to the ideal working. 
The proportions of m are as follows : — 



I Sereral Fomaees of 11,500 c. ft. 

m = 0-698 
m = 0-627 

nt = 0-686 



Mean 



= 0'670 




Mr. Ed. Williams, who manages the Eaton "Works for Messrs. 
Bolckow and Vaughan, with furnaces of 15,000, 20,000, and 
27,000 cubic feet capacity, all charged with the same charges, 
and of the uniform height of 95 feet (figs. 7 and 9). asserts, on 
tbe other hand, that he cannot find any advantage- in economy 
or otherwise in the large fu.maee& His long experience has 
convinced him that beyond the limit of 11,000 to 12,000 
cubic feet capacity, the large furnaces of Cleveland really offer 
no advantage in economy of fuel consumed. 

It is also to be observed that the blast furnaces are 15 feet 
higher than the Clarence furnaces, and yet they burn no leas 
coke, and tbe temperature of the escaping gases ia not lower. 

And now, a last remark on the lai^e furnaces of Clarence 
Works and of Eston. 

In § 2 the three types of Clarence and the two huge furnaces 
of Eston (figs. 7 and 9) of 15,000 and 27,000 cubic feet capa-^ 
city have been aUuded to. These furnaces consume the same 
weight of coke per ton of pig yielded, l'I25 ton, but this 
equality is in reality obtained by the much slower working of 
the large furnaces, which require 420 to 490 cubic feet of 
capacity per ton of yield in place of 280 to 320 cubic feet. 
K therefore the large furnaces were made to yield propor- 
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tioDally as much aa the smaller furnaces, the consumptioa 
of fuel would inevitably be greater, and therefore the working 
of the monster furnaces is in truth less advantageous. "We 
cannot escape from this alternative, — /ess production per cuMe 
foot of capacity, or ^eater consumption, of fuel. This conclusion 
comes out more strongly from comparison of the two furnaces 
at Ferry hill already mentioned in § 2. 

The one measures 82 feet high, and 16,000 capacity. 
The other „ 104 ,. 30,500 

The first takes 310 c. ft. capacity, the second 420 c ft. 
But, notwithstanding the great difference in height, the 
escaping gases have within 6° the same temperature in the 104 
feet as in the 82 (191° and 197*), and the eonsimiption of fuel 
is as nearly as possible the same in the two — 1000 tons in the 
high furnace, and 1025 in the other,^ 

What is the cause to which we are to attribute this apparent 
anomaly in blast furnaces in which the gases do not vary in 
temperature after a certain height, which appears to be from 
75 to 80 feet 1 It is an importaat question. 

§ 24. Beyond a certain height the temperature of the escapiiig 
ffo^es docs not diminish by reason of the dissociation of the oxide 
of carbon. — We know that the gaseous current of blast furnaces, 
which at first are composed only of CO and N", become mixed 
in increasing quantities aa they ascend with CO^ and also 
with watery vapour when the ores and combustibles are moiat, 
or chemically hydrated. The reducing action of the CO is thug 
partially neutralized in the upper regiona of blast furnaces, and 
we know that certain mixtures of CO'', CO, and HO have no 

' In one of the Iftat nuniherB of the Journal of Ihe Iron and Sled InsCit-iite, 
that of November 1871, Mr, Bell, recurring to the same subject, thus airnia 
up hia concluaionB as to the working of the Cleveland funiacea : — " After a 
certain capacity. ] 0,000 c. ft,, for example, the escaping gosea are aa cool, and 
aa rich in CO^ aa tlioae of furnaces of double this capacity" (p. 391). — From 
liiacuwitms of Mr. SamufUon'a arcounl qflvro monster fwrnuees, rfod be/ore the 
IiulituU of Civil Engmeera. 
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action on the oxide of iron. Thua M Debray has proved that 
the peroxide is simply transformed at intense red heat to prot- 
oxide by a mixture of equal volumes of CO and CO', and that, 
on the other hand, this mixture converts metallic iron to this 
same degree of oxidation. Mr. Bell has verified this double 
reaction ; but this mixture of equal volumes corresponds in 
weight to 

_C0*_ V$29 
"* ~ CO ~ 0^9 67 " 
Whenever, therefore, the CO* reaches thb proportion, reduction 
cannot go further than the protoxide, and if the current of gas 
contains steam as well, reduction would reach its limits even 
before this proportion, m= l^SSl, was reached. 

Besides, there is a certain time required — a prolonged action 
of the two gases — to reduce ores in small pieces so long as 
their temperature is not very high. 

But the ores remain only a few hours in the upper regions 
of the furnaces ; consequently they will be little modified by 
the gases as soon as CO^ abounda Thus Mr. Bell has proved 
that in the Cleveland furnaces, for which the value of m varies 
between 0-50 and 0'70, reduction almost ceases towards the top 

tthe furnace. At the temperature of melting zinc (about 
J") when the gases contain 31 volumes of CO' to 100 CO, 
lich corresponds to m=:0-49, it requires 
6 hours to carry off 1'9 °/^ of the oxygen contained, and 
lOJ .. „ 29 1^ „ „ „ ' 

And when the gasesarecomposedof 50 volumes of CO* — 100 
of CO, — which gives m = 079, it takes SJ hours to carry off 
0*9 7o of the oxygen on the ores. 

We thus see that even when the gases are dry and hot, as in 
the Cleveland district, reduction at the level of the tunnel is 
{significant, and it must therefore be still less when the ores are 



I Section 33 of Mr. Bell's work. 
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hydrates or carbonates. And indeed this has been recognised 

by MM. Ebebnen and Tuiiner long since. In the experiment* 

at Eisenerz, M. Tunner ascertained that reduction commencea 

CO' 
■when the ratio of ^^ = 2, but that metallic iron does not 

appear until the ratio descends to 070 — about 23 feet below 
the tunnel-bead.' 

It is however certain tliat if there were no other chemical 
reaction in the upper regions of the fumnce than the partial 
reduction of the ores by CO, — reduction eifected as we know 
(§ 1 1) almost without change of temperature, — there ought to 
be some real advantage in increased height of furnace above tha' 
point at which the gases still retain a temperature in escaping 
of 300° to 400°. By such increased height we should inevit- 
ably cool the gases more perfectly, and thus utilize more per- 
fectly the caloric produced. But there is another reaction 
which always takes place in the upper regions of the furnace : 
— this is the dissociation of the carbonic oxide, and it is this 
transformation of 2 CO into CO* + C which, after a certain 
limit, prevents the further lowering of the temperature of the gases 
hy any increase of height of the furnace. 

Mr. Bell was the first to point out this singular reaction of 
the ores on the gases of blast furnaces, and since then I have 
with much care investigated the principal circumstances attend- 
ing it The results of this investigation were communicated to 
the Academy of Sciences in July 1871, and the memoir baa 
been published in the RecuHl des savants strangers, and in the 
May number of the Amtals de physique et de ehimie for 1872.. 
I shall liere transcrihe the conclusions : — 

1. If we pass CO over iron ore, heated to 300° to 400°, the 
oxide of iron is gradually reduced from the surface inwards of 
each small piece. But from the moment any small portion of 
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e extreme ctust of these morsels is brought to the state of 
etallic iron, the ore cracks in all directions and gets covered 
with a dust of carbon. This reaction takes place by what- 
ever method the CO is prepared. 

2. As the redaction approaches completion the carbon de- 
posit becomes less abundant, and would altogether cease from 
the moment the oxide of iron (Fe^ 0^ is completely reduced, 
if this absolute reduction could be realized iu the conditions 
nniler which our experiments were made. But, at all events, 
this would require a very long time. 

3. If we pass CO over metallic iron at the temperature of 300° 
to 400' C, the iron, in like manner, becomes covered with a dust 
of cu'bon from the moment that the reducing action of the CO 
is partiaUt/ tempered down, whether by the presence of a small 
proportion of CO*, or by any source of oxygen which could 
transfonn any part of CO into COl 

i. On the other hand, CO, pure and diy, gives off so much 
the less carbon to the metallic iron, as the iron is itself free of 
all admixture of oxj-gen, so that there would be scarcely any 
reduction at 300° or 400°, if the experiment could be made 
with iron absolutely free of any admixture of oxide. 

5. The carbon dust which deposits, either on the ores at the 
time of their reduction, or on the metallic iron when the CO 
acts together with a small proportion of CO*, is a sort of ferru- 
ginous carbon — a composition of iron and carbon with 5 7„ to 
7°l of metallic iron as a maximum. This carbon differs from 
that of steel, or the hexagonal graphite of grey pig-iron. 

The ferruginous carbon contains also a small proportion of 
oxidized iron, chiefly magnetic, the part played by which seems 
essential in the reaction which determines the deposit of carbon. 

6. Carbonic acid acts as an oxidizing agent on iron ; but at 
the temperature of 300° to 400° degrees the action is not in- 
tense. There is only a small quantity produced in variable 
proportions of F'0^ F'O^ + FO, and FO ; that is to say, of the 
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peroxide, the magnetic oxide, and the protoxide of iron, and 
these oxides are never accompanied by a deposit of carbon. 

7. The formation of femiginoua carbon is the reanlt of a 
sort of dissociation of CO, 2 CO is transformed to CO* + C, 
but this reaction never takes place directly. That it may talie 
place there must be simultaneous presence of metallic iron 
and protoxide of iron — the metallic iron to iix the carbon, the 
protoxide to retain for a moment the oxygen. 

But this passing reoxidation of the protoxide, which resists 
its final reduction by this very reaction, can only be produced 
if the reducing action of the CO be partially tempered down by 
col This, I repeat, is the sine qua non condition of the 
deposit of carbon. This double reaction is expressed by the 
formulas — 

3reO + CO = Fe'0* + C 
(this carbon liaving been united to the iron,) 
and Fe'O* +■ CO = 3FeO + CO, 
and so on indefinitely, provided that the CO is always tempered 
in reductive action by a certain portion of CO*. In one word, 
CO pure is not dissociated by iron absolutely free from an 
oxidized element. In the same way, CO*, if it acts alone on 
iron, does not deposit ferruginous carbon ; and lastly, the two 
gases united, provided CO be in excess, produce an abundance 
of ferruginous carbon by the aimidtaneous action on metallic 
iron at the low temperature of 300° to 400°. 

8. Spathore iron, or the protoxide of iron (FeO), is rapidly 
transformed into magnetic oxide under the action of CO* 
without any deposit of carbon, whilst CO in the same circum- 
stances rapidly deposits large quantities of fen'uginous carbon. 

9. If we raise the temperature to a lively red, in those 
experiments which give ferruginous carbon, the deposit imme- 
diately ceases, aud, moreover, the carbon already deposited is 
burned again so long as there is present a sulficieut quantity 
of oxide unreduced. 
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Thus the reactions are in this respect quite different at high 
lemperaturea from what they are at temperatures of SOO' to 

m°. 

10. In reference to the theory of the blast furnace, it may 
le remarked that the carbon must deposit itself on the ores in 
the upper r^ons of the furnace, and that this carbon dust 
must fkniitate the ulterior reduction of the ores, and that of 
CO', in the middle regions of the furnace. 

At all events, in consequence of this reaction, the carbon 
deposited will be burned a second time in the zone of fusion. 

U. The dissociation of CO takes place with a development 
of caloric. For each unit of carbon deposited there is a dia- 
engf^ement of 3134 calories. 

To the r^sum^ of what goes before, I add two observations. 
Tlifi dissociation of CO does not take place when a mixture of 
*jmI volumes of CO and CO* are made to act on the oxide of 
iron, that is when m= 1-581. According to M. Debra/s ex- 
periments, only FeO is formed in this case, whilst metallic 
iroa is necessary to determine the deposit of carbon dust. If, 
on the other hand, we have 2 vols. GO to 1 vol. C(/, which cor- 
responds to m = '79, then the carbon commences to deposit, for 
then also metallic iron begins to appear, provided of course that 
the current of gEiaes be sufficiently rapid to carry off, without 
delay, the CO^ formed. 

My second observation is relative to the disengagement of 
3134 calories, due to the deposit of ferruginous carbon. This 
is the essential point of the phenomenon in question, as regards 
the temperature of the gases and the limit of height of blast 
furnaces. The caloric produced by the combustion of 2 C to 
2 CO is. aa we know, 2 x 2473 = 494G calories. On the other 
hand, when the half of 2 C is transformed into CO^, the caloric 
developed is 8080 calories ; therefore the dissociation of 2 CO 
, into C + CO' unquestionably sets free 8080 — 4946 = 3134 
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value of the ratio m for a given consumption, its didribution 
will be chiefly regulated by the Toanner of production of CO*. 
.When CO^ comes from the dissociation of 2 CO, there is pro- 
duction of caloric in the upper region of the furnace, whilst 
there would be absorption in the middle region where the carbon 
deposited is transformed into CO by the oxygen of the ora 
It is true that there is only a displaeemerU of caloric, but the 
gases thus re-heated in the upper part of the furnace will, from 
want of time, yield less caloric to the cold elements of the 
charges than if their temperature had been raised in the middle 
T^ons by the simple oxidation of CO to CO* by the ores. 

Eaising the height of furnaces tends to a sort of constant 
calorific state by favouring the dissociation of CO, but after this 
there can be no sensible advantage. 

I shall only add one more observation. All that I have said 
applies only to blast-furnaces in which calcined anhydrous ores 
alone are charged, as in Cleveland. Elsewhere, in the districts 
of France where hydrated oxides are used, for example, and in 
districts also where incompletely calcined spathic ores are used, 
the tunnel-head is much cooler. Thus I have quoted from M. 
Tunner^s memoir the example of Eisenerz, where the metallic 
iron, and with it the dissociation of CO, does not begin to de- 
clare itself till 23 feet below the top. But in furnaces of smaJJ 
height, the charges would get into the highly heated zones in 
which this reaction ceases again very soon. after. Any raising 
of the height of furnaces, in such cases, might enlarge the zone 
in which dissociation would take place, and thus lead finally to 

■ 

a certain economy by rendering the gases richer in CO^. But 
it is evident, for the reasons. above giveu, that there is here 
again a limit at which real economy becomes insignificant. — 
En riswffie — 

After a certain height has been attained, variable with the ores 
and the section of the furnaces, there is no longer any advantage 
in enlarging their capacity. 

§ 25. Influence of highly heated blast, — Let ug now, in the 
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second place, endeavour to appreciate the inflaetice of variatio 
of the temperature of the Host on the working of the fur 

Let 113, for this purpose, compare the two furnaces of Com 
cited in our synoptical table. 

The dimensions and the section differ very little ; the chargi 
are identical ; the pig-iron yielded ia the same. On the othi 
hand, the temperature of the blast 13 454° -5 in the one, a 
713° in the other. The difference in the results obtained c 
therefore only be attributed to the differeiice of 263° of t 
perature. Tlie blast of the one furnace is heated in ordinal 
caat-metal tubes, that of the other in one of "Whitwell's brio 
stoves. The combustible for heating is, in both eases, the f 
nace gases. 

Wliat strikes us at once is, that the escaping gases i 
colder, the hotter the blast — viz., 477° for the 454° bias 
against 248° for the 718° blast This is indeed a well-know 
■well-ascertained result wherever hot-blast is substituted ft 
cold. The hot^blast cools the top of the fiemace, because 
larger proportion of the caloric received ia due to the bias 
Combustion furnishes less gas, and this is better cooled i 
ascending through the same mass of solid materials. 

The differences between the two Conaett furnaces are g 
in these points of view. 

The furnace with highly heated blast receives per lb. of ire 
yielded, only ..... 3"''751 blast, 

and gives off only ..... 5"' -161 of gases, I 
whilst the furnace with blast at ordinary/ 

temperature of hot-blast, rc!;a!;es . . 5'^-071 of 1 
and gives off 6"" -706 of g 

The caloric of combustion in the zone of twyres is 167^ 
calories only in the first case, against 2249 calories in tin 
second, and this enormous difference is only compens 
very small degree by the caloric carried in by the blast, whid 
is 643 calories against 551 calories — a difference of 92 caloriea 
Again, the zone of fusion of the furnace wifli ordinary hot- 
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I, notwithstanding this, an excels of caloric of 
2800 — 2315 = 485 calories, 
I the difference is still greater in the total caloric received 
e two furnaces ; — this is 

4192—3651 = 538 calories. 

t this excess of caloric received by the furnace with ordi- 

■ hot-blast is accounted for almost wholly by the caloric 

ried off by the gases, which amounts to 758 calories in the 

t furnace, against 303 calories carried off by the gases of 

e with highly heated blast. Difference, 455 calories. 

I advantages of the superheated blast are manifested by 

higher ratio of T—— =: m, which is 0'623, instead of 0-502. 

p carbon burned is better utilized ; and this difference certainly 

lea from the lower temperature of the zone of reduction teud- 

determine a more active dissociation of the CO. 

lus, the use of superheated blast at Uonsett gives an 

HJomy of l"'-0055 — O"" ■789 = 0"' '2105 carbon (pure) per lb, 

\ iron yielded — an economy of which only a very small 

Bount arises from the caloric carried in directly by the 

vrhealed blast,^ It is chiefly due to more useful distribution 

I caloric which effects a more eneigetic cooling of the 

:, and to the earlier combustion of the carbon developing 

calories per lb. in the case of superheated blast, and 

■21 calories in the case of ordinary hot-blast. 

I Thus, there are considerable advantages obtained by the 

iperheating of the blasts to the extent we have been examin- 

r, and that without any alteration in the nature of the pro- 

3 obtained, when working with ordinary ores. 

t remains to be seen whether, in reference to this c[uestion, 

a are not other limits besides practical possibility. 

1 Might we without prejudice heat the blast to 800°, 900°, 
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1000', etc., and will each increment of temperature be accom- 
panied by an equivalent economy in the carbon consumed ? 

Experience alone can aolve this problem. But from tbi 
facts we have collected, we can, to a certain extent, ascertai 
what would be the result of further heating the blast. 

As the temperature of the blast increases, the temperafcm 
at the tunnel-head decreases. This is a fact well ascertainei 
and the Consett experience proves it once more. The hot- 
blast acts, in this respect, like an increased height of furnace 
but the dissociation of the CO puts a limit to this cooling. 

According to the results given by the highest furnace of' 
Cleveland, it appears that the temperature of the eac 
gases does not descend below 200° C. I speak always, of 
course, of furnaces supplied with calcined Cleveland ores, and 
not of furnaces smelting hydrated or carbonated ores. 

At the highest furnace of Cleveland, that of Ferryhill of 
104 feet high, the gases have still a temperature of 191° C; and 
yet in these works they use in tlie charges ores which travel 
40 miles after their calcination, which in ordinary cireumstancetf 
must give rise to the absorption of a certain amount of bu-' 
midity. We may therefore admit as the lower limit, in Cleve- 
land conditions, a temperature of 200° C. at the tunnel-head, ■' 

Another consequence of the use of highly heated blast, aa of 
the increased lieight of the furnace, is the gradual increase in 
the value of m. We approximate to the ideal working, and we 
have seen that at Consett the ratio m rises from 0-502 to 0'623. 
As the blast is more heated the combustion of carbon at the 
twyres decreases, and therefore the mass of CO produced above 
this point diminishes. But, as the oxygen of the ore is conJ 
stant, tliere must take place one of two things — either the CO' 
will go on increasing, and the limit at which the CO diasodaiea 
will soon be reached, which corresponds to to = 0-80, and soon 
after the ideal working would be reached, where m = r3 1 7 (§ 5) ; 
or, the excess of CO' in the region of reduction will act on the 
solid carbon, and, while the consumption near the twyres will 
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decrease, it will increase in the region of reduction — or, rather, 
in general, the two effects will be simultftneous ; — tlie ratio m 
will be seen to increase concurrently with quantity of carbon 
burned iu the region of reduction. This is exactly what takes 
place at Consett. In comparing the furnace with ordinary 
hot-blast, and that with superheated blast, we see that not only 
m passes from 0-502 to 0'623, but the carbon burned in the 
zone of reduction rises from 0096 to 0113. Now, starting 
from the consumption at Consett, we can easily calculate, for 
quantities of carbon burned at the twyres successively de- 
creasing, and values of m successively increasing, the tempera- 
tures that must be given to the blast, and also the carbon 
burned in the zone of rednction. 

I shall first assume a constant value of m. = 0'G23, the figure 
found for Consett furnace working with blast at J18° C. 

We have seen that in this case the carbon burned at the 
level of the twyres is 0"'-789 — 0-113;::0"'-67C. Let us sup- 
pose this weight reduced successively to 0*650 and 0'600. Let 
us calculate the carbon burned in the zone of reduction under 
these conditions, and let us determine what must be the tem- 
perature of the blast to get the caloric necessary for the 
working of the furnace. 

"We know the total oxygen supplied to the gases of the fur- 
nace. It is composed of the oxygen derived from the charge, 
and of that carried in by the blast. But this sum should equal 
tlie total oxygen of the carbonic oxide and the carbonic acid of 

■ ' 4- ■ 8 ■ 

P^e gases — that is to say,=-— -y -(- —'my, accoi-ding to the no- 
tation of § 7. This ratio will allow of our determining the 
values of y and my, and consequently the total carbon contained 
in the gases. 

The oxygen of the charge is given by formula (3.) § 7, 

d=jh +v^(3-03) 
rat it is well to remark that the term \ (3*03), which repre- 
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senta the oxygen of the ore, is composed of two parts,- 
oxygen abandoned in the zone of reduction^^^" (3'82) = 0'* '40 
and the oxygen taken up near the twyres by the direct actio 
of the carbon^l (0'31)= 0-030.^ 

The oxygen carried in by the blast is determined by the c 
bon burned near the twyres. But one of carbon combines wit 
5 of oxygen to form CO : if then the weight of carbon be 0*65 
we shall have for corresponding oxygen ^ x 0650 ^0-867, i 
which 0'030 is furnished by the charge, and 0-837 by the blaa 

Let us apply these principles to the furnaces of Conset 
Na 4 (§ 20), in which the carbon of the limestone b 
' we shall have for total oxygen, 

0'*' -86 7 + 0"* -403 +- (0'*' "0485) = !"■ -399, 

and consequently we have the equation, 

or, as m=: 0-623, 

(-- +— X 0'623) y^l"'-399. 

And hence CO or y 



44 + 56 XO-623'" 
CO^ ^^my — 0'C23 X 0-625 = 0-850 



-X r3C5 = 0'585 carboi 



— X 0-850 :i^ 0-232 



11 



But the CO or y contains 

And the CO* or my „ , 

or the total carbon of the gases, p, . . 0.817 

and aa the carbon burned at the twyre 

and that supplied by the limestone are 

= 0-650 + 0-0485 .... =0-6985 

we have for the carbon burned in the zone 

of reduction, . . . . . 0-1185 
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I 

And now from the total carbon we can deduce the caloric 
of combustion : — 

The CO developes . . . 0585 x 2473 = 1446 caL 
The CO* gives . (0-232 — 0-0485) x 8080 = 1 483 

Total caloric of combustion, 2929 cal. 

Let us admit that the caloric absorbed is the same 
as was ascertained for No. 4 furnace at Consett (§ 20), i.e. 
3654 cals., the blast must therefore carry in 725 cals. instead 
of 643. 

But in reality, the caloric absorbed will be less, because the 
yjeight of the gases will be less, and besides, their temperature 
would be somewhat lowered. We should find for this difiference 
a maximum valye, by supposing that we get to the limit of 
cooling at 200^ above indicated. 

The weight of the gases is as follows : — 
my ovCO^ . . =0*850 

yorCO . . =1-365 

\T o no /. oo^T /% r^H^H « Hc%c% ( Thc oxygcn X of blast being 
N3'33x 0-837 X 0-9767=2-722 -j ^^^ ^.^^^ *^ 






Weight of dry air, . 4937 
Water from coke, . 0*022 



Weight of moist gases, 4*959 instead of 5*161 of § 20. 
Therefore the caloric carried off by the gases will be 

4^^ -959 X 200'' X 0*237 = 235 calories, 

instead of 303 calories found in § 20. The caloric absorbed or 
necessary will therefore be decreased by 68 calories, and thus 
reduced from 3654 to 3586. 

Although in fact the gases would escape at a somewhat 
higher temperature than 200**, let us admit these numbers. 

F 
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The blast would have to famish at least 

3586 — 2929 = 667 calories, 
and as the weight of blast is, according to the formulas of § 7, 

0-857 X 4-33 X 0-9828 = 3^^ 562, 
we then have for the minimum temperature of the blast, • 

657 657 



3-562 X 0-239 0*851 



= 772^ 



Let us now calculate the caloric developed in the zone of 
reduction. It is equal to the total caloric of combustion minvs 
the caloric developed near the twyres by the combustion of 
0-650 of carbon which is . . 0*650 x 2473=1607 cals. 

and there therefore remains for the caloric of the 

zone of reduction, ..... 1322 

Total calories, as above 2929 

But, according to the synoptical table of § 21, the caloricof 
combustion in the zone of reduction of No. 4 Consett furnace 
is 1339 calories. Thus, as has been already remarked, as the 
temperature of the blast increases the caloric of combustion 
diminishes in the zone of reduction, and that notwithstanding 
the increase of the carbon consumed in this region, which rises 
in this case from 0-113 to 0'1186. 

Let us now go through the same calculations for the case 
in which the carbon consumed near the twyres is reduced to 
0^^ -600. 

4 
The oxygen corresponding = ^ X 0-600 = O'SOO, and as 

o 

0030 is furnished by the charge, there remains for the blast 
0*770, and hence the total oxygen will be, 

0-800 + 0-403 + -(0-0485) = 1^^-332, 
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which gives 

77 X 1 '332 
C0= y= no.Qo — =1*300 containing carbon, 0*557 

andCC)*=my = l-300xO-623=0-810, . . . 0-221 



Total carbon of gases, 0*778 
Carbon burned at twyres and derived from limestone, 0*6485 
Therefore carbon burned in zone of reduction, 0*1 295 

The caloric of combustion is according to this, 
For CO 0*557x2473, .... =1377 cals. 

CO^ (0*221 — 0-0485) x 8080=0*1725 x 8080 =1394 

Total, 2771 cals. 

To find the sum of caloric necessary for the furnace, we must 
calculate the caloric carried off by the gases, admitting as above 
that they are cooled down to the extreme limit of 200° C. 

The gases are composed of — 
my=CO* . . - . . =0*810 



= 1*300 

= 2*504 by formulas of § 7. 

= 4*614 
= 0*021 



y = CO . 

K=3-33x 0*770x0*9767 

Weight of dry gases. 
Water from coke, 

Weight of moist gases, . = 4*635 
and hence caloric carried ofif by gases, 

4*636 X 200** X 0*237 = 220 calories, 
instead of 303 of § 20. 

The necessary amount of caloric is thus reduced by 83 calories, 
that is, to 3571. The blast has therefore to furnish 3571 — 
2771= 800 calories. But the weight of blast is, according to § 7, 
0-77O X 4*33 X 0-9828 = 3*277,and hence for temperatureof blast, 

800 800 

1099 

3-277 X 0-239 "" 0*783 ~" 

And now let us calculate the caloric developed in the zone 
of reduction. We have, 
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Total caloric of combustion, . . . . 2771 cal 
Caloric developed near twyres, 0600 X 2473, . 1 484 
Therefore caloric developed in zone of redaction, . 1287 cal 

Let U3 now bring together, in a synoptical tatle, the resull 
found actually at Consett, and the results which we have fona 
by calculation on the hypothesis that ?« = 0-623 does not vary :- 




Carbon burned at the tnyres, . . Oe. 


WorUpg. 


^■^^T 


Hrpogcti 


O-Q70 
0.113 

0-819 
1339 
1672 


06SO 

O'llSS 

0-7985 

1322 

1C07 


0-600 
0-1295 

0-7595 

1287 
1484 


0-030 taken up by the iron, . J " 
Caloric developed in zone of redaction, . cals. 
Calorio developed near twjres, . , „ 

Oalorio earned in bf blut, . . . „ 

Total caloric received or neeetsary, . „ 

Weight of blast lbs 


3011 
643 


2929 
657 


2771 

800 


3654 

248 

718 

3751 


3586 

200 

772 
3-5C2 


3571 
200 

1022 
3-277 




This Table shows that after a certain limit of temperatun 
the advantages of superheated blast become less and less, an< 
■his fact is due to several causes : — 

1, The mass of air diminishes as the temperature increases.^ 

2. The cooling of the gases of the tunnel-head, at firafc very 
rapid, is soon limited by the development of the phenomenon 
of dissociation of CO. 

3d, and lastly. The ratio m, which we have assumed as con- 
stant at and above 718°, cannot, in fact, increase above a certain 
maximum, for reasons already given in detail ; and this limits 
;lie caloric developed in the zone of reduction. 

From this it appears certain that although there is great' 
advantage, under the conditions of the Cleveland furnaces, in 
raising the temperature of the blast from 400° to 700°, there 


^ 


' See Bell, 0^1. dl. 
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is not nearly the same advantage in adding 300' more— that is, 
heating the blast to 1000^ 

It remains now to show that these conclusions would be very 
little modified even if the ratio m was 0*70, or even 080, which 
is the proportion at which the CO is no longer dissociated. 

Let us take of the same calculations in the hypothesis of 
these new values of w, and let us see, in the first place, which 
changes would be produced on the working of No. 4 Consett 
furnace, if m passed from 0*623 to 070. 

Carbon burned near the twyres, . , . = 0'676 

4 

Oxygen furnished by the blast, - x 0*676 — 0030 = 0*871 

4 8 

Total oxide of carbon, - x 0*676 + 0*403 + -(0*0485) = 1*443 

o o 

and hence 

77x1-443 110*341 

^ 44X56X0*70 83*2 (caroon > 

and CO* or wy= 1*326x0*70 . =0 '928 {JJSSn} =^'253 

Therefore total carbon of gases, 0*821 
Sum of carbon burned at twyres, and in limestone, . 0*7245 

Carbon burned in zone of reduction, . 0*0965 

The caloric of combustion is therefore 

From CO =0*568 x 2473 . = 1405 cals. 

„ C0^= (0*253 — 0*0485) x 8080 = 1652 



Total, . 3057 cals. 
The gases are composed of 

wyorCO* . . =0*928 

yorCO . . . =1*326 

N = 3*33 x 0*871 X 0*97677 = 2*833 (formulas of § 7). 
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Weight of dry gases, . . 6 '08 7 

Water of coke, . . . 0*022 



Weight of moist gases, . . 6*109 

The temperature of these gases will not much differ from 
those of the actual working, as their weight is nearly the same 
— 5^^ 109 to 5^^ 161 (§ 20). 

ft 

The caloric carried off by the gases will hence be 

5^^ *109 X 248° X 0-237 = 300 calories instead of 303. 

The necessary caloric will therefore be decreased by 3 calories, 
which brings it to . . . . . 3651 cals. 

And as the caloric of combustion is . . 3057 



There remains for the heat of the blast, . . 594 cals. 

But the weight of the moist blast is, according to § 20, 
3^^ '751, and hence for the temperature of the blast 

594 

= 662° instead of 718, 



3-751 X 0-239 



that is to say, any increase in the ratio m admits of a lowering 
of the temperature of the blast, or it involves, for equal con- 
sumption of fuel, a higher temperature of the gases. 

Let us now calculate the caloric developed in the zone of 
reduction : — 

We have total caloric of combustion, . . 3057 cals. 

Caloric developed near twyres, 0-675 x 2473 = 1672 



And hence caloric developed in zone of reduction, 1385 cals. 
We can, in the same manner, calculate all the details for the 
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Hease of the carbon burned near the twyres being reduced to 

W)-650 and 0-600. To abridge the matter, a synoptical view 

only is given in the following Table. It is only necessary to 

say that, as in the cases above given, it is assumed that the 

1 gases go off with a temperature of only 300°. We then have 

for the supposition that m = 070 : — 




Carbon burned at tba twyres, . . Ilia. 
Carbna burned !□ zone of reduction, . „ 


0-676 
0-0905 

0-8020 

1385 
1672 


0-G50 
0-1035 

0-7836 

1369 
1607 


0-600 
01145 

0-7446 

132D 
1484 




O'OSO absorbed by the iron, . . „ 

Caloric developed near twyres, . . „ 

Caloric carried ia by blaet, . . caU. 

Total caloric necessari/, 

Temperature of blast, . . . „ 
Weight of blast, . . . .lbs. 


3059 
594 


2976 
609 


2813 
757 


3651 
248 
672 

3-751 


3583 
200 
715 

3-562 


3570 
200 
967 

3-277 


And now I shall, in like manner, give a synoptical table o 
the elements of working the Consett furnace, in the hypothesis 
that the ratio m could be bi-onght to O'BO, the limit at which 
dissociation of CO takes place. Tliis case is not yet known to 
occur in Cleveland, but it is important to have exact notions o 
the efiectB of such workmg. 
L The only uncertainty which attaches to the results is the 
H^inknown temperature of the escaping gases. For the higl 
temperature of blast corresponding to the small eoneumptioi 
of 0-650 and 0-GOO of carbon at the twyres, it is more than pro 
hafale that the gases leave the furnace at the limit of 200°. Bu 

that the temperature of the gases is higher than this limit 
— 200°, — which would, of course, involve a higher temperature 

K of blast, for from this cause alone tlio necessary caloric wouk 

H he greater. 


1 
1 

1 
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The following are the results of calculationB on the doulile 
hypothesis of vi =^ 0*80, and the temperature of gases = 200° : — 



Carbon burned at tbe twyres, 
Carbon burned in zone of rednatiou, 
ToUl carbon, including 0030 for com 

bination with iron, . 
CaloKc developed id tbe zone of rediic 


lbs. 


0-676 
0-0785 

0-7 S45 

1442 
1672 


0-C50 
U'0S65 

7665 

142S 
1607 


0'6oa 

O-0935 

0'7285 

13S4 
1434 


Cfllorio developed before twyres, , 

Total caloric, 
Caloric carried in by btaat, . 

Total nece^ary caloric, 
Temperature of gasea, 
Temperature of blast, 
Weight of blaat, 


m. 


3114 

477 


3035 
649 


2ses 

701 


3591 

200 

561 

3 751 


3584 

200 

645 

3-562 


356fi 
200 
895 

3-277 



These two last Tables coufirm the conclusions drawn from 
the first. 

For the same value of the ratio m, the carbon burned iu the 
zone of reduction increases when, by increasiug the tempera- 
ture of the blast, the total consumption, as well as that near 
the twyres, tends to decrease ; and yet the caloric developed in 
the zone of reduction is so much the less as the blast tempera- 
ture is higher. If we compare the three Tables with each 
other, we see that to ascertain the caloric necesmri/ in the fur- 
nace, tbe blast temperature must be so much the higher as nt is 
less. But it is evident that, all other things being equal, it will 
ie more economical to gel thw iiecessary caloric hy a good design 
of the furnace than hy an overheated blast. In any case, the 
maximum of economy will be attained iy (he combination of high 

m^erature of blast and a high value of the ratio m := _-„ • 

'igh value of m corresponds with a certain mean height of 

IS shown in the preceding paragraphs, and presupposes 

Tking ia slower in proportion to the greater capacity 

■» — that is, from the moment a certain limit is 



But 
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And now to answer the question proposed at the commence- 
of this paragraph — ^whether there is advantage to heat the 
blast to 800^ 900°, or 1000°. We can boldly answer, Yes, For 
each rise in temperature of the blast there is increased economy, 
abstraction being made of course of the cost of maintaining and 
filing stoves for heating the blast. At the same time tliis 
economy decres^^s rapidly with the rise in temperatura The 
economy arising from each accession of 100° to temperature of 
blast is much less from 800° degrees upwards than from 500° 
to 700°, and still less than between 400° and 500°, and thus in 
practice it is almost vseUss to exceed 700° to 800°. 

§ 26. Conclusions, — It is now time to state the conclusions 
to which we have been successively led by the preceding study 
of the blast furnaces of Cleveland. 

1. The production of blast furnaces beyond the capacity of 
7000 cubic feet does not increase in proportion to that capacity 

(§ 1). 

2. To appreciate rightly the working of blast furnaces, it is 

important to determine by experiment the ratio p^- in the 

escaping gases. By help of this ratio we can not only calculate 
the true composition of the gases, but also the weights of blast 
necessary for the furnace. 

3. To determine exactly the ratio p^ it is not sufficient to 

draw ofif a certain number of samples taken from time to time 
instarUaneotcsly. The gases must be drawn ofif for several 
hours, and for this purpose it will be well to have recourse to 
an apparatus analogous to that used by Mr. Scheurer-Kestner 
in his analysis of the products of combustion of coal under 
steam boilers (§ 9 ; Plate, Fig. 13). 

4. Once the composition of the gases is known, if we would 
render an exact account of the working of the blast furnace, 
we must establish a balance between the caloric received and 
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the caloric expended, and estimate separately the caloric de- 
veloped in the zone of the twyres, and that which is prodncecL' 
in the zoue of redaction (§ § 10 to 15). 

6. In the application of these principles to several blast fur- 
naces of Cleveland, we have found that the advantages of ver^, 
AvfA furnaces over low furnaces, result simply from the lower 
temperature of the upper parts of the body of the furnace. 
Kednction goes on more perfectly and completely by the action 
of CO alone, without intervention of sohil carbon. We approach 
the ideal working, which supposes the solid carbon burned 
exclusively by the oxygen of the blast. An additional advan- 
tage, and more direct, is the less amount of sensible heat in 
the escaping gases (§ 21). 

6. The consumption of blast furnaces depends partly on 
their yield. The minimum consumption corresponds to a mean 
speed of descent of the charges, and this varies besides with 
the height and absolute capacity of the furnaces (§§ 22 and 
23.) 

7. By reason of the dissociation of the CO in the upper 
region of blast furnaces, the temperature of the escaping gases 
cannot descend below a certain hmit, and on this account there 
is no advautage from the time this limit is attained in enlarging 
either the capacity or height of the fimiaces (§ 24). A very 
alow rate of working and an excess of capacity are prejudicial. 

8. The caloric carried in by the hot blast replaces advan- 
tageously what is developed in the zone of the twyres. The 
relative economy due to hot blast decreases as the temperature 
is made higher. In practice there seems to he no real economy 
after the limit of 700° to 800° has been reached. The hot blast 

CO 

'c-0 

of the funiacc it favours reduction ivithout coimtmpiion of solid 
carbon ; that ia, the iileitl working of the apparatus. 



i 
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APPLICITION OF THE NeW MeTHOD OF ANALYSIS TO A FRENCH 

Blast Furnace. 

§ 27. The investigation of which I have just summed up the 
principal conclusions is composed of two parts : — 

I first showed how, with help of a simple apparatus, we can 

obtain samples, small in volume, it is true, but representing the 

exact mean composition of the escaping gases of a blast furnace, 

CO* 
and how, by merely determining the ratio of t^t^j we can, quite 

sujBSciently for practice, approximate not only to the complete 
composition of these gases, but, in a more rigorous way than by 
any other method, the weight of the blast consumed in the 
furnace. 

I then showed how, with help of the elements thus deter- 
mined, we can make up the calorific balance of blast furnaces, 
and thus render a complete account of all the details of its 
working. 

By applying these principles to some English blast furnaces, 
and making use of the analysis made by Mr. Lowthian Bell, I 
endeavoured to solve the important question of the maodmum 
heigM and limit of capacity, and also that of the use of super- 
heated blast. 

It is- quite unnecessary that I should insist on the advantages 
of such an analytic study of the working of blast furnaces. It 
is time to quit empirical methods for rational investigation. 

Up to the present time the diflBculties and complication of 
processes have stayed progress. The mode of analysis which I 
propose is simple, and available in every industrial laboratory. 
Until this mode can be applied by myself and others in France 
I desire to show by one example how it is possible to ascertain, 
even without chemical analyris, how nearly the working of a 
hlast furnace approaches or falls short of the ideal working, that 
is, of the minimum consumption possible. 
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We have seen above how far the old 46 to 56 feet famacea 
of Cleveland were from realizing the ideal workings ; the gases 
escaped at a high temperature, and the proportion of carbonic 

acid in them is small. ^ .„.. 

CO 

progressive increase in the height of the furnaces overcame thia 

double disadvantage ; but it is quite evident that in cases 

where the gases are cool, and the ratio of CO* to CO approaches 

unit*/, the progressive increase of height ia useless, and hence 

CO* 

) — 

CO 

pai-ticular case. We could then determine a priori whether 

tlictu would be or not an advantage in modifying the dimensions 

of Iho furnaces. By these studies abortive trials, such as are 

oIludtH) to in § 2, may be avoided — blast-furnaces raised to great 

hiuj^ltta, mid then decapitated and reduced to the old dimensions. 

We have in FVance numerous coke blast- furnaces of ordinary 

diiurusions, the consumption in which is not greater than in 

ttw gnaX ftimaces of Cleveland, and yet the ores there treated 

m IHiitl)<>r riolier nor more fusible than those of the north of 

Xnslutd. These fUruaces would gain very Uttle in being 

inoTWLMHl iu height, for the gases are now relatively cool and 

tlio rousuiiiption small, so that a priori we may feel sure that 

00' 
the ratio ,- is not far from unity. 

Let ua show by an example that even without an analysis, 
properly so called, it is possible to arrive at an approximate 
determination of this ratio, and to ascertain up to a certain point 
it it be possible to improve the working of the furnace. It ia 
however, quite clear that in any case it would be most useful 
to be able to confirm these approximations by a direct exaraina- 
tion of Uie gases of the tunnel-head. 

1 4dte « s* example one of tlie blast-furnacds of Pouzin, of 
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the Soci&S de THomu^ situated on the boidezs of the Bhone, 
between Valence and Montelimait. The data have lefeience 
to 1857 — somewhat old, but the ores, the coke, the consumption, 
etc., are even now the same. The yield alone is different In 
1857 the yield was only 18 tons ; it is now 25 to 30 tons. 

The section of the fbmace is tapering (fig: 12). The 
height is 55 feet, and the capacity 4000 cubic feet. The blast 
was heated to 290^ and supplied at pleasure by two or three 
twyies. The temperature of the gases escaping was 250^ 

The normal yield was foige pig Xa 4. The ore is the red 
haematite of the Oxford foimation, with an aigilo-calcareous 
matrix. Its average composition is represented by the fol- 
lowing: — 



Peroxide of iron, . 


. 60, with 42 of iron. 


Clay, . 


. 21 


Carbonate of lime. 


. 15 


Water, 


4 



100 



The various elements of the working of the furnace are put 
together in the following Table, giving the balance of raw 
materials and yield. This is the model of such tables used by 
me for a long time for my lectures at the £cole des Mines. 
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Balance of Eaav Material and of Yield of one of the Blast 
Furnaces of Pouzin (1857), the pig-iron containing 3 per 
cent, of carbon, 2 per cent, silicium, 1 per cent of other 



foreign matters. 



Raw Materials 
per lb. of pig Yielded. 



lbs. 
Ore, . . . 2-340 
Composed of — 

(0'60)Fe2O» 1-404 



(0-21) Clay, 0*491-! 



I 



(0-16) Carbon- { 

ate of lime, 0351 \ 
(0*04) Water, 0094 



2-340 



Flux, . . 



0-600 



Coke, . 



1-200-^ 



Total of solid 
raw material, 4' 146 



Yield. 



Distribution of the 
Materials. 



lbs. 
Peroxide of iron. 1-343 



jFe . 



Peroxide of iron, 0061 ( FeO 



1-404 



0-060 



i Silica and 
reduced 



(FeO . 
)0 . . 

earth ( Si, etc. 
, . .(0 . . 



See § 7. 
0-431 Undecomposed clay. 

Lime, 

C02 

Steam, 



Lime, 
C02 



Carbon, . . ... , lb. 0-970 

Cinder, „ 0-180 

Water, „ 0-060 



Coke, . . . „ 1-200 



Giving 



ng-inm. 



0-940 



0-030 



0-030 



1-000 



Slag. 



0-055 



0-431 
0-196 



0-326 



0-180 



1-198 



Gas. 



0-403 

o-o66 

0-030 



0165 
0-094 



0-264 



0-940 
0-050 



1-942 



Note. — To have the total weight of the gases, we must add to 1-942 the 
weight of blast supplied. We shall see that this may be valued approxi- 
mately at 4*876. It is also to be remarked in passing, that when we know 
the composition of the matrix of the ores, and of the ashes of the coke, we 
can also, by means of this table, determine a priori the composition of the 
slags. 
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In order now to appreciate, by this Table, the real working 
of the furnace, we must first make an approximate estimate of 
the caloric consumed. 

This is composed (by § 10) of four parts, of which two can 
be determined with suflBcient exactness, and the two others 
only approximately. 

The first part includes, on the one hand, the caloric absorbed 
by the redTiction, which scarcely varies with the nature of the 
ore if they be peroxide ; and, on the other hand, the caloric 
possessed by the iron in fiowing from the furnace. 

The caloric of rodvA^tion is . . 1984 cals. (§ 11). 

For caloric of fusion for forge iron. No. 4, say 310 „ 



Total . . 2294 cals. 

In the second part, there is first the caloric in the slags. As 
the ore is fusible, we may put this at 500 calories per lb. of 
slags, instead of 550, which gives for 1*198 lb. of slag, 599 
calories. 

We have then the caloric taken for decomposition of the 
limestone, the vaporization of water, and the decomposition of 
the moisture of the air. It is only this last element which is 
uncertain, because we do not know the exact weight of the 
blast. But we may admit, provisionally, as the weight, 4*50 
lb., considering what we know of the carbon consumed and 
the results derived from the Cleveland furnaces. 

The third part is the caloric carried off by the gases. We 
know their temperature. As to their weight, it is suflBcient to 
add to the gases from the charges the air of the blast — that is, 
according to our table, 4*5 + 1*942 = 6*442 ; and the fourth part, 
is the caloric lost by radiation, etc., from the walls of the fur- 
nace ; and we may admit 300 calories, judging by Mr. Bell's 
data for Cleveland. 

Starting from these principles, we shall find for the caloric 
consumed by the Pouzin furnaces as follows : — 
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1. Caloric of reduction and of fusion of pig-iron, ~ 2394 eala. 
.Caloric in the slag, M98 X 500, , , — 599 „ 

I Caloric absorbed by the limestone, of ore, and 

I flux, 991 X 373-5, . . . . = 355 „ 

2. ' Caloric absorbed for evaporation of water, 

Iof ore, and coke. 0'U4 x 606, . . = 87 „ 

Caloric taken for decomposition of moisture 
of air, 0-0062 X 4-5 X S222, . . . = 90 „ 

3. Caloric carried off by gases, G442 x 150 x 

0-237, = 229 „ 

4. Caloric lost by radiation, etc., . , . ^= 300 „ 

Total caloric consjimed or necessary, . 3954 cals. 
This figm-e must also represent the caloric received, which is 
made up of the caloric of combuation, and the caloric carried 
in by the blast. 

Now, admitting that the weight of blast is 4"' -SO, we have, 
as approximate value of the caloric carried in by blast (§ 16), 
4'50 X 290° x 0-239 = 312 calories. 

There remains, therefore, for the caloric of combustion, 3642 

calories, whilst the total calorific power of the carbon is 

0-940 X 8080 = 7595 calories ; so that we have, as final result, 

3642 
the caloric developed in the furnace — — =0-48 of the calorific 

power of the carbon burned. This is precisely the proportion 
found for the large blast-furnace of Clarence Worka ^ 17), 
which seems to prove already that the Pouzin furnace, not- 
withstanding its small capacity, waa working under good con- 
ditions. 

But as we know the carbon burned and the caloric deve- 
loped, it is easy to find, by the help of two equations, the 
value of my or CO^ and y or CO, 

We have, on one hand, the equation (1.) of § 7 : 
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and, on the other hand, we know that the caloric of combustion 
is due to carbon burned to CO and COl The formula (4.) of 
§ 15 gives for this caloric 

— yx 2473 + (Amy— 6J 8080 = 3642, 
a formula which may be written thus : 



(4.)(|-X 



2473 + —m X 8080^ v = 3642 + 8080 X 6 = Q. 
7 11 /^ 

And &om these two equations (1.) and (4.) we have 

^^ 11 / Q-2473.^ \ 7/ 8080 ^-Q \ 

7V8080^ — Q/'^ 3V 5607 / 

, 11 /Q-2473.^\ 
hence my= — ( -] 

^ 3 V 5607 / 

Let us now apply these expressions to the data of the fur- 
nace of Pouzin. 

b is thecarbon contained in the limestone 0^^ '951 = 0'600+*351 
therefore = & 0*12 x 0951 =0114 ; 

p is the carbon consumed, plus the carbon supplied by the 
limestone ; 

therefore^ = 0-940 + 0-114 = 1054, 
hence Q = 3642 + 8080 x 0*114 = 4563 calories. 



m 



_11 / 4563 — 2606 \ 11 /1957\ 21527 _y 
"■"7'\8516^4563/T~V3"953/ 27671"" 



y=l^^ -645 and my = 1^^' 280. 
The gases therefore contain : 

1*645 CO, containing '705 carbon 
1-280 CO^ „ -349 „ 



Total carbon, V^ '054 =p. 

And from the values of m and of y we can deduce the 
quantities of oxygen and nitrogen which must be supplied by 
the blast, using the formulas of § 7. 

The formula (3.) determines the oxygen given up by the 
charge to the gases : 

G 
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= 1' 


■119 


= 3 


■726 


= 4 


■845 


= 


■030 


-i 


■875 



•'■280 
■6i5 



■651 



d=: _ X 0-114 + 0-423 = O"" 727 
3 

and formula (2.) gives for total oxygen of blast 

X =:J^(44 + 66Xm) — 0^727 = l"*-146 
77^ ^ 

and hence for oxygen of dry air, 

2 0-97677 X . . . . 

For nitrogen, 3-33 s . 

That is, for dry air, 

Moisture of air, 0-0062 x 4845 . 

Weight of moist air, 

And finally the gas will be composed of 

CO" . 

CO . . . 
N . . . 
Dry gases. . 
Water of charges, . 
Moist gases, . 
We see now that the weight of i 
escaping gases, are somewhat greater than the weights ^ 
assumed a priori. But, in reference to calorific effects, theie 
is very nearly compensation; the excess of blast, 0-375, would 
taJce in 25 calories more into the furnace, whilst the excess of 
gases would carry off li to i^ calories above the numbers 
deduced by calculation. 

There would therefore be in reality an excess of caloric 
carried in of 10 to 11 calories, which should be compensated, 
by a less caloric of combustion ; that is, the caloric of combus- 
tion would be reduced from 3642 to 3633. If we would go 
very accurately to work, we must begin the calculation agai 
with this last number in order to determine the values of i 
and y. The number Q, in the preceding formulas, would be 
reduced by 10 units. We should have 4553 calories, inateac 



• in blast, and of the 
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of 4563. But it is quite evident that this correction would 
be insignificant. It would give the value of CO 0^^ '004 more 
(1*649 instead of 1*645), and the ratio m would scarcely be 
affected. In short, the figures above given represent suffi- 
ciently near, for practical purposes, the real state of things ; 
and the result is, that the working of the Pouzin furnace is 
very satisfactory. 

The ratio m has almost attained the limit 0*80, at which the 
dissociation of CO does not take place. The gases are rich in 
CO^ and yet cooL In these circumstances an increase of the 
height of the furnace could produce no sensible useful effect (§ 24). 

The consumption could not be reduced below 0*970 • of 
pure carbon, unless the blast were superheated, as at Consett. 
This advantageous working of the Pouzin furnace must, in my 
opinion, be attributed, in great measure, to the high tapering 
form of action. The gases are very uniformly distributed, 
and the reduction goes on very regularly. At one time, the 
director of the works tried to enlarge the tunnel- head without 
modifying the system of charging. There resulted immediately 
a less regular working, and a greater consumption. Since that 
time the yield has been increased by forcing the weight of blast, 
but the consumption has not sunk below 0*970 of pure carbon. 

We now see, that indirectly, even without determining by 

CO' 
experiment the value of m = t;^ we can come at an approxi- 
mate estimate of the manner in which the carbon is consumed 
in blast furnaces, and thus appreciate the relative economy of 
their working. But this indirect determination of the value of 

p^ depends on an estunate more or less hypothetic of the 

caloric consumed. It will always be preferable to determine 
the ratio by an analysis of the gases, which allows of our cal- 
culating with perfect exactness the caloric received. 

This is a system of controlling the working of blast furnaces 
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easily realized It may be confidently recommended to iron- 
masters. Tliey can thus ascertain in what respect their appara- 
tus is faulty, and remedy the fault with confidence. 

§ 28. Another example of French blast fwrruices. — I have 
now shown by the example of Pouzin, that it is not always 
necessary to have great height of blast furnace to get satis- 
factory results. I might multiply examples. I shall take the 
blast furnaces of Denain of 1865, in which, with a volume of 
2750 cubic feet, and a height of 42 feet only, they have arrived 
at a yield of 30 tons per day of forge iron, consuming only 
1150 to 1200 tons of coke of 157o ashes per ton of pig, and 
this, with argillaceous ores, yielding only 32% to 35°/o. These 
favourable results are realized chiefly by a more rational sys- 
tem of charging, and also, as at Pouzin, by their having a more 
contracted region of fusion than most of the English blast fur- 
naces. 

Take now, as example, Ko. 1 furnace of Montluqon, St 
Jacques* Works, of which in 1867 the principal elements were. 

Capacity, . . . . 4250 c. ft. 

Height, .... 49 feet. 

Temperature of the blast, . 315° 

Temperature of escaping gases, 100°, arising from the hy- 
ilmted state of the ores. 

Yield in twenty-four hours, 24 tons of grey forge iron. 

Oliai-ges, — hydrated ore in grains, with — slag from forge 
vvut;uu:j alK>ut 40°/o as a mean. 
V,VitcjiUUH>tiou iH»r lb. of iron, 

coke, I ^'^^^ ^^ ^^'/^ ^^ ^'^ ^""^ ^'/o ^^ 
' \ water, or 0*916 pure carbon. 

ores, 2547 

ttux, 0-906 
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This is again an example of economical working, and if we 
apply to this the methods of calculation above given in detail 
for Pouzin, we should again find a high value for the ratio 

p;^. An increase in height would certainly not diminish the 

consumption, already very low. 

The only possible economy is that which would result from 
the use of higher temperature of blast. 

If now I am asked whence arises this great difference between 
the working of the French furnaces here named and those of 
the older types of Cleveland, I can only suggest the following 
reasons : — 

1. The section of the French furnaces is generally more 
tapering than that of English furnaces. Hence there is a 
better distribution of the gases ; the reduction goes on in the 
upper regions with a less combustion of solid carbon. It has 
been already remarked that it is to this difference in section, 
in shape, that part of the economy of the furnace of Clarence 
1866, compared to Ormesby 1867, and Clarence 1853, is to be 
attributed. 

2. The manner of charging is more studied in France. Its 
influence on the distribution of the blast is well known. It is 
seen that thus they approach most nearly to the ideal working 
— ^that is, to the reduction of the ores without burning solid 
carbon. 

3. Lastly, the region of fusion near the twyres, the hearth, 
appears to me to be generally too wide in England. In the 
smallest furnaces of Cleveland the diameter of the hearth is 
never less than 6 feet, and in most of those of 10,000 cubic feet 
and 17,000 cubic capacity, it reaches 7 feet 3 inches to 8 feet 3 
inches, and even 9 feet, and yet the height is often less than 
this diameter. But the capacity of the region of fusion has a 
direct influence on the consumption. For fusing a refractory 
ore, it is not necessary alone to have a certain amount of 
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Note I. p. 23. 

On this subject Dr. Percy has the following observations : — 
" In all the preceding experimental investigations concerning the 
composition of the gaseous currents of blast-furnaces there is 
one source of error which should be particularly borne in mind. 
The gas from any given furnace was collected at successive 
intervals, and it is doubtful whether any method could have 
been adapted for collecting it simultaneously at different depths, 
except by the insertion of tubes through the sides of the 
furnace, which would have involved much additional expense, 
and which might not, after all, have yielded perfectly satisfac- 
tory results, as the gas from the centre, owing to variations in 
the velocity of the gaseous current in different parts of the 
same transverse sectional area, may not have the same com- 
position as near the sides. Now, identity of conditions cannot 
be measured, even in the same furnace, for an hour, much less 
for a day ; so that the gas collected at intervals, however short, 
from exactly the same part of the furnace, working with the 
same charge, may not have the same composition/'^ 

In Dr. Wedding's translation of Percy's work, the remark is 
intercalated : — " The most accurate average composition t)f the 
gases will be got by analysis of the gases drawn from the main 
tube leading off the gases from the tunnel-head for further use. 
Here they are thoroughly mixed." 

Note II. pp. 30, 32. 

On the subject of refractory ores — "Minerals Refradaires** — 
" Strengflilssige Erze^* as opposed to "Leichtjlussige Erze" — Mr. 

^ Percy, vol. ii. p. 443. 
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Lowthian Bell makes the following remark in section Ttliii, of- 
hia CIteinical Phenomena of Iron Smelting: — "In connexion 
with the greater or less consumption of fuel, German writera 
on Iron-smelting make use of the teraia ' Strengfiiisaig ' and 
' Leichtfliisaig.' If these words have to be taken in their literal 
sense of comparative susceptibility to fusion, their use, in my 
opinion, may lead to error. There are, no doubt, some differ- 
ences in the melting points of different kinds of iron and slag, 
but these, I apprehend, are trifling, and cannot account for the 
marked alterations just spoken of in the quantity of fuel re- 
quired for mere liquefaction. The actual cause of the leaser 
quantity of consumption of fuel in small furnaces I have con- 
ceived and described as being diie to difference in ansceptibility 
of reduction, and not fusion." 

There is however a considerable difference in the temperature 
required for the complete formation of different slags. According 
to Plattner'a experiments, although the temperature of fusion of 
the alag itself when formed varies much less for different pro- 
portions of acid and bases, forming singulo-siKcates, bisilicates, 
and trisihcates, the temperature at which slags are formed 
varies considerably. In general, aingiilo-sihcates require a 
higher temperature for formation, — are " Strengfliiasiger" or 
" Strengschmelziger," — than hisilicates : and of singulo-silicates 
that of Alumina takes for formation . , aiOO" C, 

Magnesia, . . 2200° to 2250° „ 

Barytea, .... 2100° to 2200° „ 

Lime, , . . , 2100° to 2150°,, 

Iron and manganese, . . 1789° to 1832° „ 

The silicates of oxides of manganese and iron (protoxide) 
differ very little from each other. 

The bi- and tri-silicates of the different earths are formed at a 
lower temperature. 

Of the bisilicates those of barytes and lime form at 2100° 

„ „ barytes and alumina, 2050° 

„ „ lime and magnesia, 2000° 

„ „ lime and alumina, 1918°-1950° 

The temperature required for the formation of compound sili- 
cate (for instance CaO^ Si^O^ + AlO^ Si^O' a frequently occur- 
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ring skg) from the earths composing them, is very much higher 
than that at which slags which have been already fused 
can be melted. As the slags coming from smelting processes 
are seldom formed by fusing together these independent com- 
ponents, but* more frequently from a mixture of silicates 
already formed — ^partly from the ores, etc., and generally of 
manifold combinations of the oxides of the earths — the temper- 
ature required for the formation of the new slag or compounded 
silicates will lie between their point of fusion and the tempera- 
ture which would be necessary to form this new slag from the 
separate simple substances. 

Eefractory slags — " strengfliissige," — which are always indica- 
tions of faulty working of the furnace, arise either from insufficient 
temperature, or from injudicious combination of the charges — as 
when too much silica and too little of the bases, or the contrary, 
exists, or if among the bases there be an excess of alumina 
and magnesia. Such slags are recognised by their pasty 
nature, their earthy, half-fused appearance, and by the air-holes 
pervading them. On the other hand, the charge is a- good 
combination when the slags flow out of a good consistency 
— as free from metal as possible, — and when, for a given 
consumption of fuel, the maximum of ores can be used. 

Dr. Percy, while objecting to the principle of Plattner's 
method — ^because it assumes that alloys of gold, silver, and 
platina fuse at the mean temperature of the component parts 
— says we may accept his results as affording practical infor- 
mation of value. "The melting points of metals and their 
afloys are fixed and xmvarying, except under extraordinary 
conditions of great pressure, and as they extend through a very 
wide range of temperature they may be conveniently employed 
in the determination and comparison of high temperature."^ 

Plattner himself considered that he had only determined 
temperatures correctly proportioned to each other, and not 
absolute thermometric limits. 

This note is to explain what is meant by " Strengfliissige Erzen'' 
— "minerais refractaire" — ^as used by continental writers. 



^ Percy, op. cit. vol. i. p. 48. 
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Note in. p. 63. 

The beautiful inductive investigation of the large yield of 
pig-iron with small consumption of fuel in the Styrian and 
Carinthian furnaces, in section xliii. of Mr. Bell's work, ia well 
worthy of study in reference to this conclusion of M. Ebelmen. 

Also Br. Percy, voL ii, p. 44(1, quotes Ebelmen in detail as 
foUows : — " If we compare two kinds of fuel, which act with. 
different rapidity upon the air and carbonic acid, such as 
coke and charcoal, it is very plain that it will be necessary to 
increase the mass of the least combustible of the two, relatively 
to that of the ore, in order that oxidation of the iron should not 
take place to a greater extent in one case than in another. 
Thus experience has proved that, on the average, twice as mnch 
coke (by weight) is required as charcoal to produce in the blast- 
furaace pig-iron of the same amount and of the same quality. 
In the same manner may be explained the difference of con- 
sumption of the same furnace, working always with the same 
fuel, according as it is desired to produce different qualities of 
pig-iron. Thus, much more charcoal is consumed in order to 
obtain grey pig-iron than white." Dr. Percy remarks — " There 
ia no doubt about this fact, though there may be much as to 
Ebelmen's explanation of ii" Dr. Percy's remark I do not 
agree with. The " fact" is open to iJie greatest doiiht. 

Note IV. p. 63. 

Tlie fact that charcoal decomposes CO^ (bums under a 

current of CO^ giving off CO) more rapidly than hard or soft 

. coke, is proved incontestably by Mr. Bell's experiments, Noa. 

818 and 819, p, 75, No. I. Part II. of Journal of Iron and Steel 

Institute. 

Note V. 

It is proposed in this Note, to give a brief history of the 

" Theory of the Blast- Furnace," with the view of sliowing how 

very recently correct notions on the subject were first pub- 

'shed, even of the chemical phenomena involved ; and that it 

■ot more than ten years since any concentrated attention 
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tras given to investigate the physical phenomena, that is, the 
calorific phenomena accompanying the chemical phenomena, 
by a knowledge of which alone the natural limit to the economy 
of fuel can be determined. And further, it is proposed to 
examine whether any tenable objections have been made to 
Mr. Bell's theory of this subject, now reproduced and perhaps 
Tendered even more precise by Mr, Gruner in the text, §§ 4 
and 5, where he deiines what is, in respect of cojisumption of 
jvM, the ideally perftct wo'rking of a blast-furnace. 
As to the theory of the blast-fumace. 

In 1837-38, Lampadius' taught his pnpila that we may 
divide the blast-fumace into four zones from above downwai-ds, 
viz., info zones of calcination, reduction, smelting, and coUec- 
laon of products, and that therefore the chains in moving 
downwards must undergo the following changes. In the zone of 
calcination, the gaseous substances are driven off, the water, and 
;,in some part the carbonic acid of the ores and fluxes. In the 
reducing zone, extending downwards nearly to the boshes, the 
deaoxidation of the oxides of iron, by the carbonic oxide gener- 
ated near the twyres, goes on, and the rest of the CO^ is ex- 
pelled. A small portion of carbtiretted hydrogen also comes 
into play, and there is also reduction by contact with in- 
candescent solid carbon. Towards the end of reduction the 
1 reduced iron sinters together with the substances forming the 
; Rlags. The other substances present in the charges, as man- 
giKiese, phosphorus, sulphuric acid, titanic acid, and such like, 
are only very partially desoxidized in this zone. In the zone 
of smelting, extending down to a point in the hearth above the 
twyres, the reduction of the ore is completed, and also a part 
' <if the manganese, and the acids and earths desoxidized. There 
:-«re therefore formed compounds of manganese, phosphoi-us, 
flolphur, silicium, aluminium with iron, and these mis or com- 
bine with the iron, whicJi here also takes up a certain proportion 

' Wilhelm Angnst Lampadius. b. 1772, d. 1842, was choaen by the celo- 
Imited Werner, foimder of the Royal Sclioal of Mioee, to be Professor of 
OhenuBtry and Metallurgy at Freyberg. He iutcodaced Lavoisier'e CheniB- 
try at SVeyberg. He pnbliahed bis Han^mck der AKi/enieijieH HUtten- 
jtunde in ISOI-ISIO, 4 vola., and was all bia life active in tlie jiublication of 
ilDpartaut works on metallurgy and cbemistry. 
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of carbon, and thus Roh men, cast-iron, pig-iron, 
produced, a substance more fusible than malleable iron. In 
February 1839, Lampadius published this statement of Ms 
views in a small work. Die Neuere Fortschritte im Gcbieic 
tier Gesammte-n Hiittenkunde, i.e. "Latest Progress in Metal- 
liu^cal Science and Practice." That this was not the gener- 
ally received theory of the process going on in the blast- 
furnace is shown by the following abstract of a paper " On the 
Iteduction of Iron Ores in the Elast-fumace by Hot and Cold 
Blast, and with Kaw and Coked Fuel," published by Kftrsten 
in 1839.^ 

It has been asserted, says Karsten, that in cases where not 
only fusion has to be effected, but reduction of oxides must 
take place, this reduction is hastened by complete contact of 
the fuel with the ores ; and hence it has been recommended 
that the fuel and ore should be mixed before being charged 
into the furnace. But it is well known, that it is only neces- 
sary to begin, reduction on the surface of a body, and that the 
process penetrates to the interior without any immediate contact 
with the reducing agent being necessary. M. Le Play has, it is 
true, recently and repeatedly called attention to the reducing 
power of carbonic oxide. He has shown that oxides of iron, in 
circumstances where they could not come in contact with solid 
carbon, were reduced at a certain temperature by carbonic oxide 
made in a tube in which carbon was at one end, oxide of iron 
at the other, and the air was sealed up with the two — that the 
carbonic oxide first formed was transformed to carbonic acid by 
the oxygen of the ore, and reconverted to carbonic oxide by 
the carbon, and so on in succession, till either the carbon was 
burned or the ore was completely reduced. " But," says Kar- 
sten, "the oxides of iron are unquestionably Twi reduced in 
this way in the blast-furnace, because the CO formed by the 
incandescent carbon in contact with CO^ rushes too rapidly 
past to the top of the furnace, and because the oxides of iron 
are everywhere in contact with incandescent carbon, by which 
the reduction can be begun without its being 
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decompose a gas, which would, besides, have to take place 
under circumstances which would rather favour the generaticm 
than the decomposition of the gas (CO^." 

Assuming that the process of reduction above described was 
correctly conceived, Karsten proceeds to take into considera- 
tion the products of combustion, and concludes, " that the for- 
mation of carbonic oxide takes place in the upper part of the 
furnace by the reduction of the ores by solid carbon." " But," 
says he, " the reduction when only CO is formed takes twice 
as much fuel as when CO^ is formed ; and if there were any 
means of preventing the formation of CO here, this would be at 
the same time the means of reducing the ores with the least 
expenditure of fuel." 

We now know that the air blown into the furnace at the 
twyres is almost instantaneously transformed into carbonic 
oxide, and this gas, in its passage up the body of the furnace, 
acts more or less directly in reducing ores ; that is, with or 
without the aid of the solid carbon (see antea, p. 8). We 
also know that, in the presence of CO^ iron is practically re- 
oxidized, and that in the presence of equal volumes of CO and 
CO^ peroxide and metallic iron are both brought to the state of 
oxide. 

The doctrine of Lampadius was much nearer the truth than 
that of Karsten, and is, in fact, the explanation still given of 
what goes on in the blast-furnace (see Percy, vol. ii p. 444), 
but great strides had yet to be made, — and that very year, 
1839, before the printing of the number of Karsten's Archiv. 
in which his notions, above given, was finished, Bunsen's first 
experiments on the composition of the gases at different depths 
of the blast-furnace, at Veckerhagen, were published as an Ap- 
pendix to Karsten's paper. In his report of the experiments 
Bunsen writes : — " They prove that too much weight has 
hitherto been laid on the desoxidation of CO^ to CO at the 
cost of incandescent carbon. Some of my experiments demon- 
strate that, in the combustion of charcoal, the first immediate 
product is CO, provided there be no surplus supply of oxygen . 
to bum the CO to CO^, and thus one half the calorific effect 
of the fuel is lost." 



Thus began to be formed a theory of the blast-furnace. But 
such as it was, the theory was still only a gualiiativs analysis, 
so t« speak. Bunsen first began the quantitative analysis, and 
first gave a calculation of the quantity of caloric used in the 
furnace, and of the qvuntity ca'tried off in the gases, and pointed 
out for what purposes this lost heat might be made available. 
For a particular case of analysis of the gases collected 5 feet 
under the tunnel-head, i9'55 per cent., or ime-half of the fud 
was proved to go off as CO, and was lost, and that besides the 
sensible heat of the gases themselves being 993° C, SS^q more 
of the fuel was lost in this way ; so that 757o altogether was 
lost.^ 

The researches of Ebelmen on the composition of the blast- 
furnace gases were begun at the same time as Bunsen's 
researches, but were published a year or two iater.^ Ebelmen 
made his calculations of the quantities of caloric used, and of 
the temperature in the furnace, by adopting Dulong's calori- 
metric results, given in the Comptes Rendus, 1838, p. 874,* and 
arrived at the conclusion that Gi'^°l„ of the fuel went o£F 
the gases and was lost. Ebelmen pointed out tliat the gaaes 
escaping would suffice for heating the blast, supplying the 
steam for blast-engine, and for the dessication of the wood 
used in the furnace itself 

Such was the progress made towards a rational theory of the 
blast-furnace — chemical and physical, — and of its application 
to determining the calorific efficiency of the fuel consumed, in 
1842; and very little progress was made for several years 
afterwards either in diffusing or extending the notions then 
attained to. 

And now it is interesting to show how, in this department 
as in many others, art is the •mother of science. 

Long before an analysis of the gases of blast-furnaces was 
made, or could have been made, practical men perceived the 

1 Karatcu'a Ardiin. vol. lii. p. E47 ; 1839. 

' Amialee des Mines, 1841-43, and collected Memoirs, pabliahed in Paris, 
18C1. 

^ For the coralmstiou of 

C to COS Duloag found 7167 cala., but it ia 8080 
CO to CO' „ „ 2G34oal8. „ „ 2473. 
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uses to which the gases could be tiimei For this object a 
quotation from Dr. Percy's great work, vol. il p. 663, will suffice : 
— "In June 1814, Berthier published an interesting and im- 
portant paper ^ on the successful application, in France, of the 
waste gas to various purposes, such as the conversion of iron 
into steel by cementation, and the burning of lime and bricks. 
The credit of this application is due to M. Aubertot, who was 
a proprietor of ironworks in the departmient of Cher. He 
obtained a patent for it in France in 1811. Berthier visited 
four works, either belonging to, or managed by, M. Aubertot, 
so that his description was founded on personal observation ; 
and it is very just to his memory to state, that he seems clearly 
to have foreseen the value of the application in question. The 
calorific efifect of the waste gases was rightly attributed by 
Berthier, partly to the sensible heat, and partly to the heat 
developed by combustion in contact with atmospheric air." 

Mr. Moses Teague took a patent on this matter in 1832. 
Mr. James Palmer Budd obtained a patent for the application 
of the " heat, flames, and gases of the blast-furnace to the heating 
of hot-blast stoves" in 1840w This application was carried into 
practice at Tstelyfera, and so satisfied was Mr. Budd with the 
success that he Qven ventured to draw the following conclu- 
sion : — " It would appear to be more profitable to employ a 
blast-fuxnace, if as a gas generator only, even if you smelted 
nothing in it, and carried off its heated vapours (sic) by flues to 
your boilers and stoves, than to employ a separate fire to each 
boiler and each stove. These considerations irresistibly suggest 
to me a great revolution in metallurgical practice, a new 
arrangement, in fact, of furnaces and works by which consider- 
ably above £1,000,000 a year might be saved in the iron trade 
alone (1848)." This was excusable in the first enthusiasm, but 
it is well known that it is only when a low class of coal has to 
be used that generator or "producer'' gases are not wasteful, 
except where intensity of heat is required. 

Let us revert now to the progi*ess made since 1842 in the 
chemical and physical theory of the blast-furnace. Bunsen's 

1 Journal dea Mines, 35, p. 375 ; June 1814. 

H 
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caleulatioiia were founded on the truth of " Welter's law" 
which the caloric evolved in the furnace would he to thft 
potential caloric of the gases escaping as the weight of the 
oxygen burned in the furnace is to that of the oxygen required 
for complete combustion of the gases escaping. 'Weltei''s law 
is not universally true, and it is certainly not true for this 
application. 

Ebelmen could only refer to the calorimetric determinations 
of Dulong for his calculation of the development of caloric in 
the combustion of carbon and carbonic oxide.^ Since then we 
have the more accui-ate determinations of MM. Favre and 
Silhermarm, and of Professor Andrews, of this and other essen- 
tial elements of the calculations in question, and besides thes^ 
more accurate knowledge of specific heats of all suhatanceB|i 
as may be gathered from the study of modern works oQ 
chemistry and physics ; or, for the present special question, i 
the works of Dr. Percy, Mr. Bell, M. Gruner, and Mr. Schintz. 

In 1863-4 the " Metallurgy of Iron and Steel" was published 
by Dr. Percy, and this was certainly an epoch in the literaturg 
of thLs important subject, not only in England, where it was th^ 
first work on metallui^ of any scientific value ever puhlishect 
but in Germany and in France, where the work was immedi- 
ately translated hy eminently qualified metallurgists. Thi 
German translation by Dr. Wedding is still in progress. 

Dr. Percy says, p. 444, vol ii — "As far as I am able t 
judge, the importance, whether in a scientific or practical poiid 
of ^iew, of the i-esults of the analysis of the blast-furnace gaaM 
has been somewhat over-estimated. Temperature, carbonit 
oxide, and incandescent cai'bon, explain all the phenomei 
the blast furnace," and Dr. Percy does perfectly explain them 



' It is intereating to mention here tliat in the HandhucK der Chemie 
L. Gmelin, published in 1843, he remarks— " Duloug's determination of tl 
quantity of calorio from the combuation of carbonio oxide is, luilhoul dtiiibt, 
tauch loo high. If it were oorreet, then carbon in combining with the jErrf. 
atom of oxygen loaat develop muc/i Ism caloric than nith the second, whiob 
■8 extremely improbable." But we know now that this ifl exactly what 
occnra — so tJie exact acience of to-day was B stumbliu};- block to the ables' 
men of science only twenty years ago. Let ua leai'D to be cautious in accepti 
ing even scientific authority aa final, and very bumble in 
Bcientifio opiniong. 
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in the next stibsequent pages of his book, with just a little more 
preciaeness than Lampadius did in 1838. 

The physical phenomena — the calorific phenomena of the 
tlast-fnmace were not, aa far as my knowledge of the subject 
goes, taken into serious consideration till Mr. Schintz of Straa- 
I tnrg began hia investigations about 1864. In 1868 the Doku.- 
\ente hetreffand den Hohofen x/itr Darstellung iwm RoliMsen was 
mblished,^ and in this, for the first time, the advancement in 
alorimetrie determinations of the heat absorbed or evolved in 
■chemical combinations, which science had gained since the 
irly experiments of Dulong, Despretz, and others, were applied 
determine the principles on which the economy of the blast- 
mace depends. Schintz's work contains much useful informa- 
Laborious calculations are unfortunately expended on 
feneationa of no practical interest, and some fundamental mis- 
s were made in this first attempt to construct a balance- 
ieet between caJoric received and caloric expended altogether 
fcitiating the results. The original, or, better, the translarion, 
Sihould nevertheless be in the hands of cveiy student of the 
ana of the blast-furnace, if only to show the difficulties 
t&d complications of the question, and how even men of un- 
questionable scientific attainment may be misled by one false 
■Step in their reasoning into a maze of calculations based often 
on guess-work and having no practical use, 

Schintz undertook a series of experiments on the conditions 

under which ores are reduced, and the laws upon which this 

reduction is based, upon which he " spent years of labour in 

rdet to acquire this knowledge as exactly as possible."^ These 

iivestigations aspired to determine for the process of reduction, 

a. The infiuence of temperature, 

b. The influence of the quantity of gas passing in unit of 
a 
. The influence of the proportion of CO in the gasea, 

d. The influence of time of exposure to gases. 
. The influence of the nature of the ores ; and 

1 A good tranBlatiou of this work by W. H. Man and M, MUUer, nmler 
IB title JfescaT-c/iea on tin Action of ike Blast'Fttmace, was published in 1870. 
" Dokwmente, p. 57 ; traoalatioD, yt. 88. Op. cit. p. 1 ; translation, p. 6 
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f. Thewdkimof CTriw i i Utw cf UieiwBL 
ScUnls cfter s tone caonneed himdf tint ooneefc nd 
-Mcfid icnlto ooold onlj be attatDed if sndi giMS vae expoi- 
Btented witii moc ieaJD|f tobe foandin the Uttt-fniittce. 
Unas guc* be ^epaied arttfidalbr, m br as the prop orti on 
toattTOgecis concerned. 

jr^Tometer nsed iras a thermo-electric element, very 
arraoged, and for which Schintz calculated tables of 
(lOfnetion, but the relative thennometric determinatiOBs he 
con^dcT«d afl generaliy too high. 

Ten different qualities of ores were experimented upon : Red 
Ilffiitafttite — brown ores from Hayange — from Nassau^ — Spathic 
or«t frrjm Siegen — Oolithic ores from Kamur — artificial ores — 
y\i.., 100 oxide of iron, 100 carbonate of lime, 25 carbon, and 
othen a* bafes of pore oxide of iron. 

Tbo experiments made with the " Eeductometer" impressed 
him with the opinion that there ia no justification for a dis- 
tinction between the nones of fusion and that of carburation; 
for the c»rhurattoii tiegins at a low temperature with the 
AppMtance of the first molecules of metallic iron. This tem- 
"timturu h(! fiiiirul by his pyrometer to be between 780° and 
' Ami further on in his researches Schintz writes — 
'irL'foro almost impossible that the iron can receive 
ji any other source than the carbonic oxide, or at 
no tliau in the zone of reduction." 
iieutH Nhijwiid that at 400° of the tlwnno-electric 
rvliK'tiou takes place. Measured otlierwise, Mr. 
ihiil: rtiliniion ia complete under this temperature 
(IRJ. 

. vile im example of the influence of temperature' 
frediicliiin of red iron ore from Dillenburg, sp. gr. 
f OXy^L-n combineil 

"ml. Hourly •biinr|ilion of 0. TemperatarHB (by pyrom.) 
I'CO . . 421° 

aOfi . . 546° to 621° 

270 . . 823° to 861° 

4-45 . . 884° 
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i. The influence of quantity of gases passing in unit of time 
was proved to be such that, for instance, with a double flow of 
gas, the reduction was as 5-627^ to 4:-757o of the total oxygen 
absorbed per hour, for temperatures varying from 499° upwards 
in the one case to 720° upwards in the case of the less supply 
ofgas.^ 

c. The influence of the quantity of CO in the gases was 
found to be such that when 49'327o CO was present, the 
reduction per hour was just tvnce as mttch as when the con- 
tents were only 34*65 per cent, for the same temperature and 
same absolute quantity of gas. 

d. The influence of time was, as might be expected, quite 
evident through all the experiments. 

e. The quality of the ore. The result of these experiments 
was that " the richest and most compact ores gave under all 
circumstances the most favourable coefficient of reduction, but 
neither the specific gravity nor the contents of iron in the 
ores have any recognised proportion to the reduction, so that 
experiments for each ore would have to be made. 

/. The carburation of the iron. The experiments prove that 
carburation of the iron begins v^ith its reduction, that is, as 
soon as metallic iron appears. The observation that the carbon 
of the CO combines with the iron instead of reducing it is proved 
by experiment 50 ; for instance, where an abundant carburation 
took place at 780° (by pyrometer), although not one half of the 
iron was reduced from the peroxide. The greater the per- 
centage of carbonic oxide in the gases the greater is the transfer 
of carbon to the iron when reduction of the iron is complete. — 
Exp. 68, p. 77 ; trans, p. HI. 

Further, Schintz, after examining critically the analyses of 
the gases of the blast-furnace which were made by Bunsen and 
Ebelmen in 1839-40, and pointing out their insufl&cient accu- 
racy, put the question, WJiat is the practical application of such 
analyses^ The answer given is almost the answer we give 
now, viz., that when we have an exact knowledge of the com- 
position of the charges it is possible to calculate from the 

^ Consult Bell's work, section iv. and section xi. 
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analysis of the waste gaaes the amount of carhon which passes 
by direct reduction-^-reduction ty solid carbon — into the gases, 
and which was therefore not burned at the twyrea hy the air 
of the blaflt. 

Thia chapter is worthy of attentive study. Schintz eondudes 
that the analysis of the waste gases is, even to the practical 
metallurgist, a valuable means of ascertaining what takes place 
inside his furnace in reference to consumption of fueL 

The services of Schintz in enlarging and rectifying our 
notions of this important element of the theory of the blast- 
furnace are not sufficiently recognised. 

In the calculation of the calorific effects produced in the 
blast-furnace, M. Schintz started with a ftmdamental error in 
the calculation of the production of heat hy combustion of 
carbon to CO^ and the reduction of CO^ to CO. This error 
having been pointed out to him by M. Liihrmaan of Osna- 
hriick, it was corrected in 1871, in Douglers' Journal, voL 201, 
p. 231 ; but even there the connection is not perfectly satisfac- 
tory, as it imports into the subject the latent heat of gasifies 
tion of carbon, about which nothing positive is known. 

No injustice is therefore done in not entering on Schintz's 
results of calculation, which are further rendered useless by 
erroneous notions of the loss of caloric by i-adiation, etc., from 
the walls of the furnaca 

And now we come to the present state of the theory of the 
blast-furnace — that which gave rise to Mr. Gruner's Studies, 
and the foregoing translation. 

Mr, Lowthian Bell, a hereditary iron-master, brought up 
fivm his youth in the midst of blast-furnaces and great 
vh^mical works on the Tyne, and besides, having a thorough 
scieutifio wlucation and a genial disposition to give freely all 
iat'ormatiou he possessed, and to take kindly all given him by 
his u«ij;hbours and compeers in the trade, began in June 1869 
to contribute a series of papers to various Societiea on the 
Cheuucol and Physical Phenomena of the Blast-Fumace, which 
mav be truly sajd to bring the theoiy in everj- respect to the 
actual level of the soiences of chemistry and physics, and to 
point the *!*>■ to pmclical improvements, or, at ah. eventa, to 
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jiiit a scientific test of their working in the hands of furnace 
ffliinagers,' 

Mr. Bell first examined the notion of " zonea " of reaction in 
llie furnace as used by Lanipadius in his explanations of blast- 
furnace theory in 1838, afterwards adapted by Scbeerer in 
1353, and by Tunner later. He has coostracted diat;ram8 to 
tcale of the results reported by these experimenters, as well as 
iliuse obtained by Ebehaien in 1844 at Clerval with regard to 
reduction of the ores and the commencement of cavburation. 
Practical men could thus for the first tijne see what the experi- 
ments had really ascertained, and that the lines of demarcation 
between the dili'erent "zones" were not meant as having any 
horizontal divisions or other very precise form. What Lampa- 
diu3 taught on this subject was that four or five changes took 
place — pedetentim et graduatim — in the descent of the charges 
against the ascent of the counter current of gases, and that 
there were zones in which these changes began and ended. 
Mr. Bell points out that as in practice a uniform descent of 
the materials in a furnace is interfered with by the difference 
in ske and specijic gravity of the ironstone, lime, and coke — 
by the friction of the sides of the furnace, more especially on 
the boshes, and by the mode of charging, whether central by 
a narrow tunnel-head, or concentric, or all round as by a wide 
month, that therefore the zonea could not possibly have any 
shape such as given in Scheerer's work, and since repeated in 
books by several continental scientific metallut^sts.^ But it 
is also pretty certain that zone is a figurative expression for 
a region of change of temperature, change of reaction, etc 

However this may be, the examination of the notion of zones 
led Mr. Bell to make a series of direct eKperimeuts on reduc- 
fi(m of ores by the gases escapitig from, the hlast-fumaces, and 
the true deduction from these experiments is that the reduction 
of calcined Cleveland and other ores, Pe^ 0^ is begun and ended 



' /euTTKiIo/tfte CTiemiHirSodrtj, June 1869; EeportofOit BrUin/i Anaocia- 
Spn, eta, Exetar meeting, 18611; Traasactiona nf tJie Iron and Sltel InaMute, 
18G9 ; JoT^racd of the Iron, aiid Steel IiutitiOe, 1870 to 187 1. 

* MetaUargie, 1848-18S3. 
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by these gases at a much lower tem/perature than had heen sup- 
posed proved by the experiments of Scheerer, Tunner, and 
Ebelraen, or those found by Schintz ; for the temperature of 
the furnace gases, from Cleveland furnaces, of capacity varying 
from 6000 cubic feet to 26,000 cubic feet capacity, was seldom 
above 33C° C, melting point of lead, and never above 450° C, 
the melting point of zinc. A certain size of the pieces of ore 
retards reduction, and even delays its commencement nntil 
sufficient heat is imparted, but the temperatures above given. 
are, with tivie, sufficient to completely deoxidize ores of iion.^ 

Of all the substances found in " pig-irou," — and Freaenius' 
made an analysis of a " Spiegel" iron of St. Louis near Marseille^ 
in which he found some twenty substances besides iron, — and 
although no case occurs in which some two or three impurities 
do ndt occur, no substance is really essential to its constitution, 
except carbon. 

The circumstances which determine the union of this indis- 
pensable element with the metal are of high interest to the 
smelter, because upon the c[uantity and condition in which the 
carbon is associated with the iron depends, it ia considered,, 
the different qualities of the article he is manufacturing. 

The portion .of the furnace in which the combustion tabes 
place, the temperature necessary for effecting it, and the exact 
source of immediate supply, have engaged the attention of aU 
metallurgists who have studied the subject. 

Scheerer says that carburation takes place ordy after all 
traces of unreduced oxide have disappeared, and where the 
temperature ranges from 1000° to 1600° Centigi'ade. 

Tunner considered that his experiments proved that this 
combination takes place when the furnace has the tempera- 
ture at which eementation takes place in steel furnaces, taken 
at 1150° Centigrade. 

' The Jieginniiig Bnd ending of the process o£ reduction was na tollowa ; — 

By Scheerer, , 400^ C. 1000° to 1200° 

Tunner, . 680° 1400° 

Ebelmen, , Below red licat. Incipient fuBoa of on. 
114, the experiments of Schintz. 
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Mr. Bell, on the other hand, found that "an exposure of 

three hours to a temperature a little above the melting point 

of lead, and below that of zinc, sufficed to give a black deposit 

of carbon in a minute state of subdivision, so that he really 

believes it to be combined with the iron, or deposited by 

chemical action in such a form as to present great feu^ilities for 

subsequent combination. It therefore seems probable that 

instead of the lowest and hottest portion of the furnace being 

the zone of carburcUion, this change occurs high up, where the 

temperature is comparatively low."^ Foreign ores treated 

exactly as were the Cleveland ores in the gases of the furnaces, 

showed unmistakeable signs of this carbon impregnation. And 

moreover, the raw iron-stone gave rise to a blacker and larger 

deposit than the calcined. The deposit was 1*68 per cent of 

the iron in the ore in the calcined, and 4*63 per cent on the 

raw ore, after each had been exposed twenty-four hours in the 

escaping gases. 

In September and October 1869, Mr. Bell read papers ** On 
the Development and Appropriarion of Heat in Iron Blast- 
Fumaces of different Dimensions," before the members of the 
Iron and Steel Institute.. In this paper there are explained 
all the principal elements <^ the Calorific Pheru/mtna of the 
blast-famace ; and many of the remarkable resolts work&i 
out during succeeding years are given in a preliminary s1ui{k; 
sufficiently accurate to warrant the conclusion stated then, tbais 
a capacity of 11,000 to 12,0<:»0 enbic feet, and a heii;zfat of 70 to 
80 feet, is sufficient to realize all the eoooKHiiy it is pctseEU^ 
to denve fiv»n this element of biast-fdnaace en^sxtssiBag: o 
CUmdamd drcwmainifieei^ 

Tliis paper Wits an mpprofsiase iDihodiacdon todu&inazisi&aSife 
series of invcsidsasfto^iKS yrfsesszed to the Iron and ScadI Jnsc;^ 
tnte at sbost initemJls ferat WTO to 1$7±, hnBouz ''^bl ^^s^tsit- 
mental mnA paaeckal exaginii;)ra.Tf<ait of tlufi; ecRTZcsczci^es Tindi: 
detennine ih& eapienj cf lb& \iaairfmnsaeftg tib>: ^^an^fscsrx::!*: 
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of the blast, and the proper condition of the material to be 
operated upon." 

In the course of these researches, Mr. Bell completely filled 
up the details of what he had sketched out in reference to the 
chemical and physical theory of the blast-furnace in 1869. 
K he baa not exhausted the subject, he has at least left no 
point of the theory unexamined by all the light and methods 
of investigation of modem chemistry and physics. It only 
requires an examination of the headings of the forty-five sections 
of Mr. Bell's work to perceive how the minutest point has a 
section dedicated to it as conscientiously as is done for the 
most essential. 

But tlie investigations which were made on the presence of 
alkaline cyanides in the blast-furnace, in section zxvi, and 
on the part they play in the processes going on in the furnace, 
are so very important and interesting that I must attempt to 
give a summary of them. 

Messrs. Bunsen and Playfair, in their " Eeport on the Gases 
evolved from Iron Furnaces, with reference to the theory of the 
Smelting of Iron "—made to the British Association at Cam- 
bridge in 1843— called attention to the fact that the gases from 
the lower part of the furnace, immediately over the point of 
entrance of the blast, contain cyanogen, which again disappears 
a short way above that point — so that at the top of the boshes^ 
only traces of it are observed. And they remark, " The com- 
pound of this substance with potassium appears to play a most' 
important part in the furnace, although its functions have 
apparently been altogether overlooked," Their detailed ex- 
periments led them to the conclusion that this cyanide of 
potassium owes its formation to a direct union of carbon with 
potassium and nitrogen of the air. 

Messrs. Bunsen and Hayfair estimated — all corrections 
made — that in every cubic metre of gas at 2-75 feet above the 
twyrea there was to be found 8 to 10 grammes of cyanide of 
potassium. 

Their experiments further showed that the cyanide of 



a 40'5 feet high, anil 1 1 feet diameter at the 
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potassium is volatile at high temperatures. Thus, carried up 
Ij the ascending currents, it exerts its well-known reducing 
power — is thus decomposed into nitrogen, carbonic acid, and 
carbonate of potash — the gases passing oflf by the top, the 
potash falling back to the region where it is again converted 
into cyanide of potassium, under the influence of the carbon 
Mid nitrogen. '* Hence a large quantity of ore may in this 
way be reduced in the lower part of the furnace by a compara- 
tively small quantity of regenerated cyanide of potassium/' 

Dr. Percy^ in examining the figures given by Bunsen and 
Playfair concludes *' that unless the oxidation and regeneration 
of the cyanide of potassium takes place with a degree of 
rapidity hardly admissible, its service as a reducing agent 
must be so inappreciable that it may well have been * pre- 
viously entirely neglected.' "* 

The phenomenon of a decrease of oxygen as the gases leave 
the twyres, when compared with the atmospheric nitrogen, had 
been observed and an explanation proposed by Ebelmen. Dr. 
Percy* says, " such a decrease implies an abstraction of oxygen 
trom. the gaseous current, and its fixation in a solid state of 
combination, or an evolution of nitrogen in sensible quantity 
from the solid contents of the furnace ; but I cannot under- 
stand how either of these results should occur : " and further 
on he writes, " I have failed to elicit from these analyses of 
gases any satisfactory general expressions such as might 
reasonably have been expected. I must, therefore, leave the 
reader to examine each 'table' for himself, and draw his own 
inferences therefrom." 

But, as ilr. Bell observes. Dr. Percy makes no allusion to the 
alteration in the quantity of carbon, gauged by the same 
standard. Mr. Bell therefore selected four of the examples in 
the " tables," and these show incontestably that as a certain 
volume of gas ascends, it loses oxygen, but in addition to this, 
they prove that there is a simultaneous disappearance of carbon. 
Mr. Bell gives the following statement of the loss of oxygen 



1 Op. cit, vol. ii. p. 451. * ^^^ g, a. 1845, p. 186. 

» VoL ii. pp. 444, 445. 
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and carbon m the gases at 1 H feet above the twyres of an I 
80-feet Wear furnace 

Oxygen. 
Example 1, . 2-S3ewts. 

319 „ 

251 „ 



Average, 2-7i cwts. 162 cwts. 

The undoubted disappearance of carbon from the gases of the 
furnace aa they leave the hearth leads neceasarily to inquire 
whether it may not throw some light on the simultaneous 
diminution in the quantity of oxygen. 

" Tlie form of combination into which the missing carbon 
has entered, I venture to suggest, is chiefly cyanogen, and pos- 
sibly to some extent carbonic acid, both united with tho 
alkaline metals, which I have shown abound iu the loweS 
region of the blast-furnace." Jlr. Bell then shows that there- 
is much probability that the 1'62 cwts. of carbon, above ascer- 
tained as an average, assumes the form of 3'51 cwt. of cyanogea- 
per toil of iron yielded. This assumes that about 40 grammes (A 
cyanogen are present in the cubic metre of gases. (Dr. Percy't 
calculations were founded upon an analysis of Bunsen and 
Playfair giving only 4 grammes.) Admitting the probabUitJ 
that the carbon has assumed the form of cyanogen, it remaina 
to consider in what way this action has led to a still mora 
marked change in the quantity of oxygen, viz., 2-74 cwts. Bui 
even Mr. Bell fails to draw up any general theory which will 
tit every change which makes itself apparent in a blast-fur- 
nace. These changes are well known to every intelligeni 
manager to be numerous and sudden, and frequently take place 
without any apparent cause. The sum of all the evidence 
goes to show, that the quantity of cyanogen would account fol 
the largest weight of carbon in excess which appeared at tht 
twyres ; aud the presence of so large a quantity of cyanogen 
and alkaline gases appears to justify Mr. Bell's conclusioE 
" that it is to these substances that the apparent excess of caiboi 
and oxygen in the lower region of the furnace has to be afr< 
tributed. 



Many other modes of reaction besides the direct union 

' of C and N, in the presence of K and N, might be suggested 

as accounting for the disappearance of and from- the gases, 

iind Mr. Bell has illuatrated this — p. 254 to 256, — and we shall 

not enter upon the subject 

It is of great interest to record here Mr. Bell's own sum- 
marj of what he " conceives to be the action -priyper of the blast- 
furnace, i.e. supposing no alkaline substance to be present. 
This, no doubt, is a condition of things not to be found in 
practice, but experiment would indicate l^ide section xxvi.) 
that the alkalies, along with their associated cyanogen, are not 
iadispenaable for the reduction and carburization of iron. 
This imaginary process would consist in the volatile con- 
stituents of the roasted ore, viz., its oxygen, being expelled 
probably before it has passed the first 10 or 13 feet of the fur- 
nace. This is inferred because already, at a depth of 16 J feet, 
there is only 2'06 cwts. of oxygen due to the minerals present 
in the gases, and of this l^OS, or something like it, has been 
contributed, not by Fe° 0^ but by P' OS SOS Si 0^ and Ca 0. 
The remainder, 1'03 cwta., along with a certain quantity of 
carbon, 034 cwts., is probably due to the carbonic acid of the ilux, 
seeing that it requires a higher temperature to split up Ca CO* 
than to re.duce an oxide of iron. From the point B in the fur- 
nace (t'ii^e diagram, ftcamp^ of original 1) the oxygen in the gases 
remains almost stationary until we approach the twyrea, where 
the small quantity of O absorbed by the iron in the dissocia- 
tion of CO, and that combined with the P, S, Si, and Ca, found 
in the iron and slag, alone ought to appear. Here also the 
quantity of carbon in the gases ought to be that furnished by 
the coke, less the portion which may have been carried off by 
the reduction of CO' to CO in the manner already described," 
" Simultaneously with the process of reduction is the deposi- 
tion of carbon by the splitting up of CO into C and CO', and 
that tliis takes place very soon after the immersion of the 
ironstone among the gases, seems to admit of no doubt. This 
operation of carbon -impregnation will continue untU the iron 
or its lower oxide is sufficiently heated to suspend further 
action, in the manner already fully explained in the sections 
upon the dissociation of CO." 
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" No doubt, even in this supposititious case of the absenOflj 
of the alkalies K^O aod Na*0, there would ensue irregularitif 
in tlie composition of the gases at the same position in tl 
furnace, whicli might result from a retarded or accelerated n 
of reduction, from the nature of the ore itself, or from some 
those mechanical causes which have been spoken of. Substan- 
tially, however, I apprehend there would not be found any of 
those discrepancies, to explain which I have bestowed some 
pains, and which, in my judgment, are to be entirely attributed 
to the presence of the alkalies, potash, and soda, and the con- 
sequent generation of cyanogen." 

" If I am correct in this supposition, and if the experimental 
proof of the great fluctuations in the quantities of these sub- 
ances is to be relied upon, it is not difficult to comprehend thai 
there must necessarily be corresponding irregularities in the 
character of the products in different parts of the furnace.' 

Such is the explanation of the action proper of the blast fui>. 
nace in 1873. The generation that has lived since LampadiuS 
taught has seen such precision given to the expression of the 
chemical phenomena going on iu this vast apparatus as takes 
it out of the domain of empiricism, and puts it into that o£ 
exact science. 

But it was not till 1870 that the phenomenon of dissocmtu 
of cai'bonic oxide — the sphtting up of CO, so that 2 CO 
transformed into CO^ + C — was discovered, and that all thB 
conditions of this phenomenon were examined experimentally 
and described. Though Mr. Schintz had observed the deposit 
of carbon, and had applied the facts to explain carburation, 
he gave no explanation of its origin. 

From Mr. Bell's experiments it seems highly probable that 
carbon impregnatwn, as he terms the action, by the splitting up 
or dissociation of CO, takes place at nearly as low a tempera- 
ture as desoxidation, which, in the case of Cleveland calcined 
ore is hegwi at 200° to 210° C (section xl p. 46). And as 
the extent of reduction in different ores is affected apparently 
by their molecular condition (section iv. pp. 17-19), when 
submitted under perfectly similar circumstauces to the action 
of CO ; so the same irregularity in the extent to which carbon 
impregnation takes place has been observed for (I'fforo.nt ores. 
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Generally speaking, the more readily an ore or oxide of iron 
loses its oxygen, the more capable it is of dissociating carbon 
from CO. 

Very small differences of temperature greatly affect the 
quantity of carion yielded by tbe CO. 

In experiment 211 (p. i8), 100 Fe in calcined Cleveland ore, 
at a temperature not visibly red, the carbon deposited in 4j 
hours was Ci'O C. Using the same ore the following figures 
were obtained ;— 

Carbon deposited. 
Exp, 228. Temperature for 11 hours red and 10 

» hours hriffhi red—in all 21 hours, 237;, of Fe. 
■''239. Temperature wry bright red for ej 
hours, 0-3 „ „ 

Practically it may be assumed that the phenomenon of 
carbon impregnation diminishes very rapidly as soon as a red 
heat is reached. The temperature most favourable for its pro- 
duction is between 400° C. and 450° C. But if the ores with car- 
bon deposited at this temperature be only partially reduced, and 
exposed to a bright red heat, the carbon will be consumed to 
the extent at least of the supply of oxygen in the unreduced 
portion of the ore. It remains therefore a question whether 
all the carbon necessary to constitute the various qualities of 
pig-iron is the result of carbon impregnation accompanying the 
process of reduction in the upper portion of the furnace, or 
whether a portion is derived from the incandescent carbon of 
the hearth. 

The only other point on which it seems useful for me here 
to attempt to give the results of Mr. Bell's investigations, is 
that of the behaviour of limedone in the blast-furnace — its 
use as s.fiux, and its use for removing sulphur in Cleveland ores. 
On this latter point it has been proved that these ores may be 
used without lime, but then the " pig" contained much more 
sulphur than when lime was used, viz., 0'33°/^, and the qualUy 
in point of strength suffered considerable deterioration. 

But the most interesting question in reference to the lime- 
stone is. What becomes of the carbonic acid united to the lime ? 
The use of CaO CO^, as a flux, is the usual means by which 
CO" finds its way into tbe blast-furnace. The CO* which we 
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find in the gnses owes its origin, be it repeated, to the expi 
sion of that contained in the limestone, to the desoxidation 
the ore, and to carbon deposition by the reaction so fnllj 
deecribed. Mr. Bell conclndea, from experiments directed to 
this poiiit in section xxi^ that as carbonic acid in an atmos- 
phere of CO* is only sparingly given off at a full red heat, and 
CO* conimeDces to undergo decomposition at 400° to 500" C, 
all the CO' entering the furnace combined with CaO, leaves it 
(M CO, and adds, " this view of what really takes place in the 
famHces in the Cleveland district is farther confirmed by the 
tact tliat the CO^ in the gases never exceed that due to reduc- 
tion of Fe^', and to the dissociation of that portion of CO, 
which furnishes the carbon found in the pig-iron." In opposi- 
tion to this conclnsion the note at foot of p. 44 of M. Gruner's 
" Studies " must be referred to, where it is proved that in the 
special example of a Clarence furnace the O'*' 058 of carbon' 
absorbed to transform CO- into CO is less than the O"*- 082 of 
carbon in the limestone. The experiments are very difSculti 
to make with such precision that well-defined condusiona can 
be dravm (see Bell, section xxi. p. 110 note). 

The application of the phenomenon of dissociation and of 
the decomposition of the C0° in the limestone takes place in 
estimating the quantity of caloric required in the process of irojt- 
svitUin^. Jlr. Bell's services in this part of the theory of the 
blast-fumace are unique. His papers on the subject have been 
translated into German by P. Tunner, into Swedish by Einman, 
and the work of M. Gruner testifies to the interest it has excited 
in France. Bell's experiments, showing the reactions that take 
place between the oxides of iron and iron itseK, and the CO 
find CO^ of the gases of the furnace, demonstrate the fallacy of 
calculating the calorific efficiency of the fnel in a blast-fumace 
upon the supposition that it can all be resolved into CO^ as 
was done before the Institution of Mechanical Engineers in 
November 186S, and afteiwards iu January 18G9, They prove 
that we must content ourselves with ascertaining to what 
extent the carbon applied in a furnace can be made to assume 
its highest state of oxidation, for whicli it produces 328 times 
as much caloric as wlien it takes only the lower state — that 
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is, Mr. Bell first proved that the proportion of j^ in the blast- 
furnace gases is the index of the calorific efficiency of the furnace. 
After the complete manner in which this proposition has been 
demonstrated in M. Gruner's text, it is quite unnecessary to 
refer to it further. This point is no longer questioned, although 
it is often overlooked by persons taking part in " discussions " 
of papers on the limit of the economy of fuel in blast-furnaces. 
There is. in fact only one rational way of estimating the quan- 
tity of beat required in the process of iron-smelting. There 
are questions open as to the values to be given to certain 
factors, to certain experimental data, but there should be no 
question as to the principle of calculation which is alone avail- 
able. There should be no question now as to the principle of 
calculation of the heat received and developed in a furnace, 
nor of the heat ahsorhed in the chemical action and in fusion, 
and carried off by radiation and reaction from tKe walls and 
foundations of the furnace, in the twyre water, and in the 
sensible heat of the escaping gases. 

Some years ago calculations were put forward for determin- 
ing the consumption of fuel by another method. 

Various assumptions were made, for instance that it is impos- 
sible to have a greater proportion of CO^ to CO in the gases of 
a blast-furnace than ^ CO^ to -^ CO, when the CO^ of the lime- 
stone is eliminated, — i,e, an assumption at variance with almost 
all experience of furnaces of fair proportions and in good work' 
ing order — as, for example, the six furnaces examined in this 
book, in which the proportions (after elimination of CO^ of 
limestone) are 

11111 ,1 

_ — — and — 



4 2-73 3-55 3*4 219 29 

respectively. The proportions of limestone (carbonate of lime) 
for these examples being in cwts. to the ton of iron, 
16 13-5 12-5 8 8 18 

whilst the proportions in the calculations in question were 
taken at 8 to 10 cwts. 

But the assumption that the CO^ of the limestone passes 

I 
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TTiat a residt something near what might be expected is finally 
ol)tained, is only an illustration of Mr. Canning's sarcastic 
^»rcmark, *' that anything can be proved by figures." 

This too is the place to notice some criticisms of Mr. Bell's 
Cionclusions as to the use and abuse of a superheated blast. 

On the theoretical opposition to Mr. Bell's conclusions, no- 

"fching need be said. However, a paper entitled " Further Eesults 

±rom the use of Hot Blast Firebrick Stoves" contains two 

"tables of the working of two Consett furnaces examined by 

IMr. Bell, from . which tables of results conclusions are drawn, 

"which an examination of them, without preconceived notions, 

does not justify. 

At the bottom of one table (No. IV. Furnace) is written : 

Decrease of temperature, 200°. Increase of coke per ton, 213 lbs. 

and at the bottom of the other (N"o. V. Furnace) : 

Mean decrease of temperature, 200°. Mean increase of coke per ton, 169 lbs. 

Now, taking the period of working at the blast temperatures of 

cwt. qrs. lbs. 

1400° F. = 763° C, the mean consumption of coke is 17 3 6 
1200° F. = 650° C, the consumption . . 18 1 19 

Therefore the increased consumption for loss of 200° 2 15 
or 71 lbs. — exactly -J of the estimate stated. 

Again, the difference of consumption of coke when working 
at 1400° F. varies, so that the greatest difference is 123 lbs, or 
nearly double the difference for a/aW of 200° F. The difference 
between the greatest consumption at 1400° and the consumption 
at 1200° is only 67 lbs. 

The difference when the furnace is working with blast at 
1200°, and at 1190°, or a fall of 10°, is 194 lbs. coke, or 2*7 
times as great as for a fall of 200°. 

For the same temperature of blast, viz., 1148° at two periods, 
the difference was 82 lbs. of coke, or more than for the fall 
from 1400° to 1200°. 

For No. V. Furnace the facts are : 

For the furnace working at blast temperatures of 1450° F. 
= 788 C, the difference at one period and another is 90 lbs. 

Working at 1260° F., or a fall of 19*0° F., the difference is 
128 lbs. (in favour of hot blast). 
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cwL qra. lbs. 

Agabi.the mean consumptioa at 14150" = 19 3 25 
1250° = 21 1 21 

1 2 24 = 192lba. 
Thus in the one furnace a fall of 1 0° increases the consumption by 
194 lbs., and in the other a fall of 200° increases it by 192 lbs. 

If we take into consideration the very great variations in 
uvighl of blast at the time one " consumption " was taken and 
that at the other, the difference of yield from one period to the 
other, and from one furnace to the other, the conclusion drawn 
from these extracts from the books of the Consett Company as to 
the greater economy of a blast at TCO" C and the one at 650° C. 
cannot be accepted as proving that there is any necessary con- 
nexion between the difference of consumption of coke, and it 
is only by selecting results that the difference of 2 Cent, increases 
for the decrease of temperature of 200° F.::^ 160 C. can be made 
out for particular weeks of working. 

Upon the value of such deductions from "facta" as this 
paper contains, the following quotation from section xxxii. 
of Mr, Bell's work gives a practical iron-master's estimate : — 
" There is notliing easier than to persuade ourselves that this 
or the other furnace is doing better or worse than some other 
with which it is compared, or in comparing tlie same furnace at 
different periods. In such an inquiry it is absolutely indispen- 
sable that all disturbing causes should be eliminated, and every 
instance brought down to one common level in respect to the 
coke, ironstone, and limestone conaimied, temperature of the 
blast, and every other circumstance connected with its working," 

The opinion to which all the evidence of fact and calcula- 
tion leads appears to me to be, that it is more economical to 
get the necessary caloric by a good design of the furnace than by 
a superheated blast, 

Eeverting further to Mr. Bell's work, it is of some importance 
to state here the values of MiQ factors of calorific effects, used by 
Mr, Bell and M, Gruner respectively, in the calculation of the 
caloric necessary for, or absorbed ui, the production of iron ; 
and to make the subject more distinct, the weight of materials 
per ton of iron yielded, of Mr. Belts example, Section xU.,p. 374, 
are used. 
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Mr. Bell's 


M. Qnmer's 


Factors. 


Materials, 
Tons. 


Calories. 


Factors. 


Calories. 


Reduction of Fe^O^ of iron, 


1780 


0-93 


1665 


1887 


1750 


Rednc. of pao^, SO^ and Si 0^, . 


170 


• • • 


170 


210 


210 


Fusion of Pig Iron, , 


330 


I'OO 


330 


330 


330 


Fusion of Slags, 


550 


1-396 


770 


550 


770 


Decomposition of Limestone, 


370 


0-65 


202 


3735 


203 


Decomp. of H^O in Blast per lb. 


3400 


00025 


85 


3222 


80 


Carbon Impregnation, 


2400 


003 


72 








Decomp. of C0« in Limestone, . 


3200 


0066 


206 


. 





Transmission through walls of 












furnace, twyre, water, etc., . 


270 


• • • 


270 


270 


270 


Expansion of Blast, . 


185 


• • • 


185 








3955 


3613 



Thus, there are three sources of absorption which together 
involve 463 calories per lb. of iron produced, which Mr. Bell 
deems it necessary to take into calculation, and which M. 
Gruner does not. The question of the decomposition of CO* 
in limestone has been referred to above. The " Expansion of 
the Blast " introduces an element of guess-work for which it is 
difficult to jSnd a reason. Upon the iSnal balance of accounts 
Mr. Bell has 337 calories more than M. Gruner for this special 
case — a difference of 8*5°/ . 

'o 

On the other hand, for the caloric evolved on the supposition 

00^ 
that p^ =0783 (p. 378), M. Gruner is agreed with Mr. Bell 

on the principle of calculation for every element but one, viz., 
the effect of the CO* of the limestone. 



Mr. Bell reckons 

C in CO of Gases, . 13*22 
Less that in Limestone, 1 *32 



11-90 
6-58 

18-48 



M. Gruner reckons 
C in CO of Gases, t 1322 13*22 

C in C02 of Gases, . 6-58 

Less that in Limestone, 1*32 5-26 



Total 



18-48 



C in C02 of Gases, . 
Total C in Gases, 

And reducing both to one unit we have 

C. Gals. C. Cals. 

C in CO 0-595X2473=1465 0661x2473 = 1635 

C in C02 0-329 X 8080 =2660 0*263 X 8080 =2135 

4125 3770 

Thus, M. Gruner's estimate of the heat evolved is 8*°/o less 
than Mr. Bell's, arising from difference of appreciation of the 
function of the CO^ of the limestone in the blast-furnace. 



m 
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As to the sensible heat carried off in the gaaea, the 
would be the same, viz., 430 of the lb. unita. 

As to the caloric carried in hj the blast, or rather as to the 
balance of calories for heating the blaat, the calculations give 253 
caloricH in the one and 278 in the other, or the temperature of 
blast would have to be 220° in the one case and 240° in the other. 

But the true principles of calorific determinations are so 
exhaustively displayed in M. Gruner's Studies, that I must 
refer those who desire to familiarize themselves with these 
principles and their applications to that source of information, 
and especially to sections 4 and 16 to 21. 

Before concluding this note, however, let us examine one 
case to illustrate the necessity of attending to all the "vital 
statistics" of furnaces before drawing any conclusions as to 
their technical economy. 

Let ua take for example Clarence furnace 1866 and Consctt 
No. 4. 

Analysis of Techsical Economy, etc. 



Height in feet. 


C.^.» 


» 


Ea«os. 


I.™... 


80 


56 


1 to 1-45 




Capacity in cubic feet, . 


IlfiOO 


I03D0 


1 to 1-115 




Ore per ton Iron yielded. 


2-440 


2-083 


Iron 41X to 






0-683 


0-40G 


^8% 


BaUo of lotaUo smi 


AflhinCoka, 

Total taw material to smelt, . 


O'OSS 


0-076 


1-28 to !• 


io total uiu-boii; 


3-211 


2-665 


Pig IroD yielded in 24 h. 


38-6 


60 


1-55 to I 


_t^lK)nbtrmPd 


Cubic feel capacity per ton, 


300 


171 


1-75 to I 


^, pfw that"* 


Weiglfc of Blast, tons, . 


5-19;i 


3-75 




Weight of Gaaea, . 


6-933 


5-I6I 






Total Coke, tons, 


1115 


0-900 




ItoLeniDporedwItft 


Total Carbon, 


0-990 


0-7S9 


1-26 to 1' 


Carbon burned at Twyres, 


0-930 


0-675 


1-37 tol-f 


tobllweightsmriUd 




4S5° 


718" 






Caloric carried in by BiaBt, cala. 


G02 


643 


Itol-07-t 


r The caloric r^uTled 




332° 


248° 




JmaybeinthBraUo 
J of the carioB eon- 


Caloric carried off by Gases, cala. 


645 


303 


1-80 to 1 


Carbon buroed in Zono of Ke- 








^nvudforndvettm. 


daation, . . 


0-058 


0-113 


1 to 1-95 





This table shows that in a technical point of view there is no 
practical difference in the economy of worldng in the two furnaces. 
The greater yield of the Cousett furnace is another question. 
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The rate of driving, calculated bv the capacitv of fomace per 
ton of yield is as 1'75 for Consett against 1 at Clarence. Why 
one fomace can be driven taster than another is as vet unex- 
plained At Cleveland the pressure of the blast was 2*75 Ibsw 
as ^t Consett, but the area of the twyres at Consett was 80 
square inches, while at Clarence it was 50. 80 is to 50 as 1*60 
to 1, but it would require 80 to 46, to give the ratio of faster 
driving, viz., 1*75 to 1. This is a subject well worthy the 
attention of iron-masters and their managers. 

It will not be 'without interest to mention here, in reference 
to the economy of fuel in blast-furnaces, that the recorded 
consumption of coal per ton of forge iron produced has been, 
at the Dowlais Ironworks, as given on the authority of the 
late Mr. Truran by Dr. Percy, and as given by Mr. Menelaus, 
the present manager of these vast works, as follows, — 



In Fnmace, 
For Engine, 
Calcining, 

; Total Coal, . 
or of Coke, . 
or of Carbon, 


In 1791. 


1831. 


1862. 


6 tons. 6 cwt. qra. 
1 15 
6 


2 10 
10 
6 


18 

5 


9 7 
6 5 
5 10 


3 6 
2 4 
1 19 


1 13 
12 

19 1 12lb8. 



Or in three successive generations as 5 : 2 : 1. 
Again, let us call to mind that 

Carbon. 
Consett No. 4 fnmace works with . 15*78 cwt. with 48% ores. 

Clarence, 198 40 „ 

Ponsin (capacity 4080 ft), . . . 19*4 41 „ 

Consett No. 5, 20-0 48 „ 

Osnabrilck (Georg-Marienhntte) (C»8040) 255 24 „ 

These are a few illustrations to prove that the minimum 
quantity of fuel required can only be determined approxi- 
mately for each particular case, of which all the vital statistics 
are knovm. Capacity, height, tempercUure of blast, are all sitb- 
ordinate to design of furnace, quality of material, and skill in 
management. 
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The history of the hot blast — ^the diflferent apparatus for 
applying it — ^its effects on the progress of iron mannfactore — 
and its theory, I feel reluctantly obliged to reserve for further 
consideration. 

Note VI— Useful Tables and Memoranda for Calculations 

OF Blast Furnace Phenomena. 



1. Chemical Equivalents, etc. 



Substances. 



Carbon, 
Oxygen, . 
Nitrogen, . 
Phosphorus, 
Silicon, . . 
Hydrogen, , 
Sulphur, . 
Calcium, 
Aluminium, 
Iron, . . 
Carbonic Oxide, 
,, Acid, 
Water, . . . 
Silica, . . . 
PhosphoricAcid, 
Alumina, . . 
Calcia or Lime, 
Limestone (pure) 

* as vapour. 



s . 




1 


• 

11 


f. 


OS'S 






1^ 


'1 


|a 


.20 
1 


f 


If 


f>^ 


^ 


12 




QQ 


c 


6 


• • • 


• • • 





8 


16 


1-108 


• t • 


N 


14 


14 


0-969 


• • • 


P 


31 


31 


• • • 


1-77 


Si 


14 


21 


• • t 


• • • 


H 


1 


2 


00694 


• • • 


S 


32 


32 


2-216* 


2-03 


Ca 


20 


40 


• • • 


1-58 


Al 


13-7 


275 


• • • 


2-67 


FeorFe2 


28 


56 


• • • 


7-79 


CO 


14 


28 


0-969 


• t • 


C0« 


22 


44 


1-624 


• • • 


HOorH^O 


9 


18 




100 


Si 02 


30 


37 




2-65 


pa 06 


102 


142 




• • • 


APQS 


79 


103 




3-90 


CaO 


48 


56 




• • • 


CaO C02 


70 


100 




2-72 



Composition of Air. 



By Volume. 



AirO + N. 

20-96 79-24 

or in 

round 

num- 
bers 
21 79 



By Weight. 



O + N 



23-31 



23 



76-68 



77 



Weight of cubic metre of 
air, 1-300 kilo. 

Weight of cubic footss 
0069851b. .-. lib = 14-35 
cubic feet of dry air. 

Air in winter contains 
about -0000342 lbs. per 
cubic foot, or, 000495 lbs. 
per lb. of dry air. 



Equiv. Weight. 
C 12 or 6 
16 or 8 



For C and 0. 

Per cent Volume. Sp. gr. 

42-86 Carbon Vapour, 1 0-82922 

57-14 Oxygen Gas, 1 110563 



CO 28 or 14 10000 Carbonic Oxide, ^ 
1 Equiv. Carbonic oxide = CO = 14, . 1 



1-93485 



Equiv. Weight. 
C 12 or 6 
2 32 or 16 



Foe C02. 

Per cent. 
27-27 Carbon Vapour (?) 1 
72-73 Oxygen Gas, 2 



0-96742 



0-82922 
2-21126 



44 or 22 10000 
[1 Equivalent 00^= 22.] 



3-04048 



1-52024 



Regnault, 
1-62910 
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For Iron Ores. 

The natural combinations of iron with oxygen are, 

1. Suboxide of iron and Fe ) r\ a xi. ho ^o, • 

peroxide, j,^2 | 4 with 72-4 /, iron. 

2. Oxide of iron or peroxide, Fe^ H« 0^ with 70% iron. 

Hi 

3. Hydrated oxide of iron, ^,^2 ( 0» with 60% iron. 

4. Carbonate of protoxide, Fe CO^ with 48*3% iron. 

2. Caloric. — DetermiTiation of Caloric of Comhtistion. 

Carbon. 

1 lb. CO to CO2=2403 calories by experiment. 

lib. C toCO'^=8080 do., do., 

1 lb. carbon gives J lbs. CO. 

.-. J CO burned gives J X 2403 =5607. 

Hence, for the combustion of 1 lb. C to CO we have 

8080-5607=2473 calories by calculation. 

Iron. 

Cals. 

1 lb. iion burned to Fe^ 0* (magnetic oxide) gives 1648, Dulong .•. Fe*0'= 1864 
„ „ „ 1575, Pouillet,.-. „ =1775 

„ „ „ 1582, Andrews, „ =1780 

„ to Fe (protoxide) = 1352 Favre and Silbermann, „ =2028 

7437 
The mean of which experiments and calculation . . = 1859 

Number adopted by M. Gruner is 1887 

Mr. Bell, 1780 

Thermometers. 

9° Fahrenheit = 5° Centigrade = 4° Reaumur. 
Temperature Fahrenheit = 9 Temp. Cent. + 32 

"6" 
„ „ = ^ Reau. + 32 

4 

Temperature Centigrade = — — (Temp. Fahr. — 32) = -— - Temp. Reau. 

9 6 

Quantities or Heat 

are expressed in units of weights of water heated one degree, or in pounds of 
water heated one degree of Fahrenheit (the British unit) ; or in kilogrammes 
of water, one degree of Centigrade (the French unit) ; or, as in this transla- 
tion, in pounds of water raised one degree Centigrade. 

One Centigrade unit of heat equals 1*8 Fahrenheit units for same unit of 
weight of water. 

K 
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TnERMOMETRIC PYROMETER SCALES. 

Supi)osing we have determined the Freezing Paini and Bailing PokU of th€sr- 
mometers or [>yromcter8 of iron, glass, copper, and platina^ ihese tbArnioiiieteni 
show at 300^ by the air thermometer or true temperstare, as follows : — 
Air. Platina. Copper. Glass. Iron. 

300. 312. 329. 353. 373. 

How vague, therefore, must be thermometric unitB as determined for liigli«y 
temx)cratures still ! 

3. Melting Points, Lateni Heat, Jkc 

1. EXPERIMKNT-S OF PERSON. 





Meltine-point ^^^""^ ^^^ 


Latent Heat 


Dt^grees. U. ^^.^ 


Fluid. 


Tin, . 
Bismuth, . 
Lead, 

Zinc, 


237-7 00562 
206-8 00308 
326-2 00314 
4150 0-0955 


0-0637 
0*0363 
00402 

• • • 


14-25 

12-64 

5-37 

28-13 



Gold, 
Silver, 



Daniell. 

1250 

1100 



Iron. 



Pouillet 
1102 
1023 





Pouillet. 


Plattner. 


Blast Furnace Slags. 


English Hammered, 

Soft, French, 

Steel, best, 

Steel, 

Grey Pig Iron, 

White Pig Iron, . 


1600° C. 

1500 

1400 

1300 

1200 

1050 


1530 C. 
? 


Pla liner. 


Temperature of 

Formation of 

Slag. 


Melting Point of 

Slags when 

formed. 


1876° C. 


1445° C. 



Mitscherlich (Chemie, vol. i. p. 289) reckons the melting point of platinum 
sX wader 1560° C. ; and if this be a true deduction, then certainly the melting 
points of gold, silver, iron, etc., as above given, are too high. There is no 
certainty in these melting points being exact. 

4. Specific Heat of Oases, Water =1. 





Equal 
"Weights. 


Equal 
Volumes. 


These numbers for equal volumes are so 

nearly the same that it seems highly 

- probable that for permanent gases 

the specific heat of equal volumes is 

the samd.—RegnavXt. 


Atmospheric Air, 
Oxygen, 
Hydrogen, 
Nitrogen, . 
Carbonic Oxide, 
Carbonic Acid, . 
Steam, 


0-2377 
0-2182 
0-4046 
0-2440 
0-2479 
0-2164 
0-4750 


0-2377 
0-2412 
0-2356 
0-2370 
0-2399 
0-3308 
0-2950 
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5. Specific Heats of Solids, 

The specific heat of bodies varies with the specific gravity. Thus — 
Regnault found Charcoal, . 0'2416 

Coal, . . . 0-2009 
Diamond, . . 01469 
Dulong and Petit found that the specific heat varies with the temperature. 



Substances. 



Mean Specific Heat 



Between 0' apd 100' 



Between 0* and 300*. 



Iron (rod), . 


01098 


0-1218 


Zinc, .... 


00927 


0-1016 


Silver, . . •. 


0-p557 


00611 


Platinum, 


00336 


00355 


Cilass, .... 


0177 


0190 



The specific heat varies from the solid state to the fluid. Thue 

Solid. Fused 350' to 450' 

Lead, . . -0314. 0402 



6. Schintzs Experimental Res^ilts on Specific Heats. 



Iron. 


Specific Gravities. 


lbs. per 
C. Ft. 


Specific 

Heat 
at 100*. 


Increase for 
each 100'. 


Grey Foundry Iron, 


6-635 


7-275 


471 mean 


0-09049 


0-00399 


Light Grey, 


6-916 


7-572 


496 


• • • 


• • • 


White and " Spiegel," . 


7 056 


7-889 


602 


0-08937 


0-00635 


Steel (Cementation), . 


7-400 


7-825 


622 


• • • 


• • • 


Cast Steel, . 


7-826 


8092 


• • • 


• • • 


• • • 


Bar Iron, 


7-352 


7-912 


• • • 


0-1190 


• • • 


Wire, . 


7-794 


8-100 


• • » 


• • • 


• • • 


Coke, . 


1120 


• • • 


76 


01571 


0-0194 


Ores. 












Calcareous Iron Ore, 


. 2-503 




168 


0-2657 


• • • 


Red Spathose, raw. 


. 3-679 






249 


0-11174 


0084 


„ calcined, 


4-413 






296 


0-153006 


0013 


" White Spathose, raw. 


. 3 565 






242 


0-12478 


0046 


„ calcine 


d, 4-460 






305 


0-17965 


0-008 


Clay Iron Stone, raw. 


. 3-238 






218 


01894 


0-0033 


„ calcine 


d, 3-829 






256 


0-17632 


0-0141 


Magnetic Ore, 


. 4-220 






284 


0-16674 


0071 


Limestone, uncalcined, 


2-526 






172 


• • • 


• • • 


„ calcined. 


. 2-075 






140 


• • ■ 


• • • 


Blast Furnace Slags, 


. 2-383 






160 


0-1469 


0010 


Do. do. 


. 2-917 






195 


0-1479 


00116 


Do. do. 


. 2-777 






166 


0-1492 


00117 


Do. Hayange, 


.> 2-673 






176 


0-14698 


0-0125 



140 APPENDIX. 

Memorandum. — Average weight, per cobic foot, of the materialB of the 
charges, as they are filled into the charging banowB at Clarence Works : — 
Coke, *218 cent. « 24*5 lbs. » i- of theoretioal or solid. 

Calcined Ore, . '678 ,, = 76*6 „ »= J- „ „ 

Limestone, . '607 „ =68 „ « tf u » 

Memorandum. — If a weight m of a sobstance be heated to temperatare 
^, and plunged in a weight m of water, raising the temperature thereof 
by t degrees, then «, the specific heat, is determined by the equation 



tit ' - wi^ 



8m t = vit ,\ 8 = 



mt' 



From this equation we have also ^^ = — j-. 

8m! 

For example, a platina ball, of 200 grains weight, heated in a furnace, 
plunged into a weight of water oMOOO grains, raises the temperature of the 
water by 7°; then 7/1=1000 -m'=200«=7-« (spec. heat of platina) = 0-0365(?) 

^=1??0><L_ =7000^^ oc. 
200X0355 71 
Here the supposition is made that the sp. heat of platina is the same at 976^ 
as at 300 ; but, supposing the difference for the first 200°, viz., 0*002 or 
for 100° =0001 to contain these at 976, or say 900°, we should have 
0001 X (900 - 300)=0006. Then 00355 + 0006=00415, 

and therefore 1000X7 ^TOOO^gg^o 

200X0061 8-2 
a difference of 122°. 

The most recent experiments are those of Professor Wanhold of Chemnitz, 
and from these, made with every precaution to insure accuracy, the specific 
heat of platinum may be taken for pyrometrio work as constant. 
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